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ABSTRACT 


The solvent exchange reactions of manganese (IIT) 
protoporphyrin (IX)dimethyl ester (Mn (DMPrPor)*), a series of 
tetragonally distorted Schiff base complexes of nickel (IT) 


(NicR?*, NicRMe**, NivaaB?*), manganese (IT) (MnB*), 


cobalt (II) (cocks COltroneT ia | dveney<19 and copper (IT) 


(cucr?*) were investigated using the nmr line broadening 


method. The octahedral Schiff base complex (NiTRIZ*) was 
also studied. 

Chemical exchange controlled line broadening of the 
bulk solvent proton resonance was observed for Mn (DMPrPor) * 


in methanol and N,N-dimethylformamide (DMF) ; NiCR © in 


water, methanol, DMF and acetonitrile; NicRMe*™ in water 
and DMF; NiTAAB?* and NLTRIZ* in DMF; and MAB? in water, 
methanol and DMF. For NicR?* in dimethylsulfoxide, Cocr?* 
in DMF, Coltrane (l4idiene)- > in water, methanol and ace- 
tonitrile and cucr?* in water and DMF, chemical exchange 
controlled line broadening was not observed. For the former 
systems, the kinetic parameters for solvent exchange were 
obtained by resolving the effects due to chemical exchange 
and relaxation of proton nuclei in the inner and outer co- 
ordination spheres of the metal ion complex, but for the 
latter systems, only lower limits could be placed on the 


exchange rates. Line broadening results under conditions 


of rapid exchange were interpreted in terms of dipolar and 
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or hyperfine interactions using reasonable solvent proton- 
metal ion interaction distances, correlation times, and 
hyperfine coupling constants determined from the measured 
chemical shifts of the bulk solvent resonance. Wherever 
possible, these chemical shifts were also used to obtain 

the most self-consistent set of kinetic parameters. For 
most systems, measurements were made at 60 and 100 MHz to 
enable an unequivocal interpretation of the relaxation mech- 
anism. 

Some unusual features were obsérved for the Nicr?* and 
NicRMe?* complexes. It was found that these complexes 
undergo a rapid diamagnetic-paramagnetic equilibrium change 
in the coordinating solvents used in the nmr study. Mag- 
netic susceptibility (Evan's method) and ligand proton 
contact shift measurements were used to determine the 
equilibrium constants which were required to interpret the 
nmr line broadening and chemical shift results. In addi- 
tion, it was observed that the dipolar relaxation mechanism 
ror Nicr?* and NicRMe?* is magnetic field dependent since 
the dipolar correlation time is determined, for the most 
part, by the magnetic field dependent electron spin relaxa- 
tion time. An additional unusual feature was observed for 
the NicR**-methanol system in that the OH and CH, proton 
resonances were shifted in opposite directions due to a 
large pseudocontact shift of the OH proton but only a contact 


Siitteot the CH. proton resonance. Finally, the solvent 
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exchange rates of these two nickel(II) complexes were found 
to be unusually rapid. Possible reasons for the high rates 
are discussed in the final chapter. 

For MnB<* in methanol, DMF and water, a magnetic field 
dependence of Tom relaxation was also observed but for this 
complex the field dependence could be attributed to the 


hyperfiner contribution to 7 The theory of Bloembergen 


2M* 
was used to obtain the correlation time for modulation of 
the zero-field splitting in the MnB?*—water and methanol 
systems. 

In the final chapter, the kinetic results of this work 


are discussed in relation to the previously studied hexa- 


solvated systems. 


- » - - 


i 7 


| oa, | 
Sneed otaw ataciqnxe Ut)iegats vs = 


wader dvid ate tol €hrives oldiesst «Cf 
; . we tGbriy ; 


Bfelt didonyain » (~aedew. bo “2 


| ae 


e #indt 201 sue beytstiin of ie Baw (a wat Yo eonnhaeg 
7 e ; Ve 2. 
als of Kedictiaten en Misib i nb bier? oct xelLquaa 
” 
gens: meonta © ¢2hve 4 ros yar 23noD oniize i 


- - _ 
: to moldwlabom 16? aris fae cores cit mnie ot Boan 
- 
~ i A as Ad Gill F t 79 & . é f . (Bao: pes 
fonatigad bie tacdce— 8 is om tigez2 Slol'l-aiss, ete 
oe 7 
. eriaseye 
+ ¥ 
@vow wits Qo siluset sirens, st, '‘@ Meal ovia ae 
— Pay: ' Ou Haak ar a*tr ee - ae Ihhnes ““~ B — 
FP x if Tig? bi 7 = ei Maccre VS Ss fe - : 1 HZ Npeauec oak a: 
7. 


.enmsiieys bedevias 
nee 


TABLE 
ACKNOWLECAGeEMENTS 0 cue us 
(Ne veh wie hed 5 A eee me 8. ee ud ae 
Vaolew Or sCOMntLen ts a... ms 
(NAUEheS woe. (Sake ibbests) igen & 6 


US tCEOLe ab Lecws. Osos wees es 


18 


ia 


BNO DUCT LON soe ee. Bol mcs 


ibe 


Tile 


THE PREPARATION AND CHARACTERIZATION OF COMPLEXES, 
SAMPLE PREPARATION AND 


General Comments . 


NAR ee COLY Stour et en. 


OF CONTENTS 


(a) General Theory . 


(b) Temperature Dependence of 


Times and Chemical Shifts 


(GC) imi btingeCcases, of the Swifteand 


Connick Theory, |. 


SOLVENT PURIFICATION, 
INSTRUMENTATION .. . 


Ls 


Edi 


PurieicatlonsoL cOLventes 


Preparation and Characterization of 


Mn (DMPrPor)C1-OH. 


Preparation and Characterization of 


° 


» 


e 


Relaxation 


. 


e 


MnB (C10,) 5 ° e ° ° e, © ° e ° e ° e e 


ii Asia 


ay 


22 


25 


25 


21 


an Sewn 


7 o¢'e & © 


+ 
RRIexedes Ae, sstrabregsd oxeeciaa “ai 
a bo eee babios tandasnd tals’ went? 
Gap wicipe. ult A> eeee> ehtetmbs (er 9h 
. wi 5 Dime ee *-e 8 He rood! soba 


4, @ 
CRE a 
- 2 ee 
7) ee ee 


eee i ayhine so 3 meine 


it 


Page 
4. (Preparation tandyCcharnactertzationsobsthe 
Various Salts of NicR?t and NicRMe** oa he ueeaC ats 30 
5. Preparation and Characterization of 
NiTAAB(C10,) 5 SOEs) Eo keto sed-udeoGiee al tite GEES. 2 oc) 8 38 
6. Preparation and Characterization of 
NiTRI(C10,) 5 ps OA LES ry brea te ary ah Ae 40 
7. Preparation and Characterization of 
coceici0, 5 Wa-Gterthy) fcerurice and... . 40 
8. Preparation and Characterization of 
CuCR (BF) 5 we, Tere 2:17-D -BLOGCTTE.Te Ais «) 2 42 
9. W@reparatiloniand) Characterizationsot 
Co (trans [14]diene) (C10,) 5 PEI R EO so et a me din ae 43 
lO, “jsampiiet Preparation Pits .ArGraanehe «5 <4. 45 
Li airs CumettatrOngm@ cari hGQG? . » (les «9 ssl. 48 
NUCLEAR MAGNETIC RESONANCE LINE BROADENING AND 
CHEMICAL SHIFT STUDIES OF SOME PARAMAGNETIC 
SCHIFF BASE AND PORPHYRIN COMPLEXES wits ote ee Ge. e 50 
1. Solvent Proton NMR Line Broadening and 
Chenicalponis Eeotudye ob Mn (DMPrPor) ~ in 
Methanol and N,N-dimethylformamide .... . 50 
2. Solvent Proton NMR Line Broadening and 
Chenivalasiiitc Study of mnB?t sie TN) aie 
dimethylformamide, Water and Methanol ... 68 


3. Magnetic Susceptibility and Ligand PMR 


A a 5 fy Ohbreaas sn 
Jo yen meer bis aareale 


an faltesitadye tet Bre abl deeaqes4 + 


rr So ae ee ee ee _ (gpiaaaco 
be Rultiadsotderets hoeigaangest a 
Sos op A eee Or i 


So nolsnc! sesocied> bee Meigetageed. 22 
- ° 4 . © * e i] > 4 {ote (sins 001 eaatto9 


dus ee es SEGMOSIS. IIs 
70 Si oie 
_ - «© » #* @ wes 109 HInYeTicd Uae 


Bab paliaban’i’ sthawnn opddae ind of 
ad” Gyotsarst) aM 20. ybuts 22k Leobsead® | 


1x 


Page 
Shift Study of the Paramagnetic-Diamagnetic 
Equilibrium of Nicr?* and NicRMe“t lrg) 
Beverly COOLOMMAt~ING BAO LV EL Se mie sas Meee. aie 29 
4. Solvent Proton NMR Line Broadening and 
Chemical Shitt study of NicR?* in N,N- 
dimethylformamide, Water, Acetonitrile, 
Methanol and Dimethylsulfoxide and 
NicRMe?t in N,N-dimethylformamide and 
WEREewe “PWS Ala, Soe a ee Rs Re et tes 
5. Solvent Proton NMR Line Broadening and 
Chemical Shift Study of NiTRI“* ana 
NiTaaB?* in NoN=dimethy liormamide | 0. sc. 13 
6. Solvent Proton NMR Line Broadening 
Study. ol eo irane (id tena aie cocR*? 
and cucr?t MeaVALVOUSs COLVER ESN.) musa meses rey 
PV cUoo ON @ ar. ei estes) velus, se cellisdis ‘e)'sulerss coed otis ZO. 
Weert acm Resiikis 
(a) Methanol and DMF Exchange from 
Mn (DMPEPOr page ais oe eee ee ee ae aie 207 
(b) Methanol, DMF and Water Exchange 
EPO AE SESE: Hee se ewe neeke es Sueno 210 
(oC) moO Vella nnchanges: om nicr?*, NicRMe*t, 
wivaap2* and witrI2*. ........ rks 


ak Pgerdnie box | oa 
oy Sie 2 aes? palsotesidd Eatoves~ | 

had palhebonst acl1 Yo age Seewreee 
ee eee ee 

alisdianteod redo ob Lakes dyaserkh 

Sue bine visser bah Menards 

Beto abr usdaikiy’ Lnepteion ttc 3 si WE gna 11 
vet 

GRA pORGbenrs sold AMY vedo sass Loe 

ine Pati 40 ud 3 12 PsdeAD- 


ebimamioti qdsenmbhss\ i rot Sura 
patneheort JeLT ON covoetd 4peeDne 
gas FH was thi jenat oo Se ees 

. ow «+ BaGeving cucitay mi “gonp. bas 


ss» «© «°*s* « 4.2 © 


tae ha pee es) Teena 


“orandans, w9i00 hea "oss boomed, (a 
{or se Le Sects ram 


ot sont samt 


Page 

2. General Comments Regarding Relaxation 
Results e e e ° e e e e e e e se e e es e e e 224 
ipLceraruLleOeG Leeds) va *caerar-mtraron ge oa sts) Ws Wel Lc cbe erste cules 220 


ASV eLETASIS os SR ar hey Sr es a ey Prue re ere ee te 235 


“eee ae a ee 


= 


ee 
7 i! F 


Recess oe 


ee 
_ ve 


> 7 
im ; 


GISTIOP CE EGURES 
Figure Page 


LT NMRespectra at, 0600 MHz of NiCR(BF,) 5 and 


NiCRMe (BF ,) 5 InecElLelLuOoroaceric acid. 37 
2 Temperature dependence of ~log (T,,Py) for the 

hydroxy and methyl protons of methanol solu- 

EVOnsSaot Mn (DMPrPor)Cl0O,. bz 


3 Temperature dependence of (Aw ) for the 


obsa/? 

hydroxy and methyl protons of methanol solu- 

BrOnls aoc Mn (DMPrPor)Cl0,. 52 
4. Temperature dependence of ~log (T55Py) for the 

formyl and high field methyl protons of N,N- 

dimethylformamide solutions of Mn (DMPrPor)C10,. 54 
5 Temperature dependence of (AW bsa/Pm) for the 

formyl and. highseiteld methyl, protons,ofan,, N- 

dimethylformamide solutions of Mn (DMPrPor)Clo,. 25 
6 Temperature dependence of ~log (T,,Py) formetne 

formyl and high field methyl protons of N,N- 

dimethylformamide solutions of MnB(C10,),. 70 
7 Temperature dependence of (AW psq/ Pm) for the 

formyl proton of N,N-dimethylformamide solu- 

tions of MnB(C10,),. fa 


8 Temperature dependence of ~log (T5,Py) fOue cue 


water proton of aqueous solutions of MnB(C10,).. 78 


; | = 
how 4 [Sed abit, to: alt Oa te seicore TM 7 


‘bios Sitecscsoul iis? ai ofp tt) amnaem 
ons zor Citget) BP f- lo ponshwrdet ‘atta Toaeet 
; “nies fonmliem to enoJosy J yite ene yaoi 
se 24050 (20 AM 3G Satake 
wh) 20 sotehracsh Sulltpasqaet 


+pioe foasdjsa ao 2ncooTy ivdvser Bas Yeoabyes 


i ese 103 Ca adn 
: 
' 


£2 .,010( x07. NO TAMT Se anole 
) . 
. 6a to? (gc) fat Jo esnebrocel sim eiqhe? OEP 
7 : “Vii ao emoaong Iytive Of: (3 ede bene. yest 


Me Cra (actenitay tt Ao snp bytes temneiet ele” 1% 
ott =5% bg es, sais) im eocebie sb ati: equa a 
ata wandoig Ivictom diets tpt pas) Dyes 
og Clatee tse) nt to enoisnlor ob iaewnet ydienep. 
‘sit a0? gS qg™) wot 16 SopAsbuagsb suietoqier 
4 Io usosagg Lyltom hieri foi Bas Cyariok 

1g (gp OfO) unm %w afoioulos sbiteot iy iaats 

"we sit 102 i ‘4 — 19 Sorebanana abl iacal ; 


mgt 
Figure . Page 


9 Temperature dependence of (AW psa/Pm) for the 


water proton of aqueous solutions of MnB(C1O 79 


4)2° 

10 Temperature dependence of ~log (T,,Py) for the 
hydroxy and methyl protons of methanol solu- 
tions of Mn (DMPrPor)C10,. 88 


11 Temperature dependence of (Aw mw) for the 


obsa/? 
hydroxy proton of methanol solutions of 


MnB (C10 89 


4) 2° 
12 Temperature dependence of the molar magnetic 


susceptibilities of NiCR(PF and 


PD 

NiCRMe (C10,) 5 in N,N-dimethylformamide. 103 
13 Temperature dependence of the molar magnetic 

susceptibilities of NiCR(BF,) 5 and 

NiCRMe (BF ,) 5 in water. 104 
14 Temperature dependence of the molar magnetic 

susceptibilities of Nicr?* in methanol, ace- 

tonitrile and dimethylsulfoxide. LoS 
15 Temperature dependence of the azo-methine 

methyl proton. chemical’ shitts of Nicr?* in 

water, methanol, acetonitrile, dimethyl- 

sulfoxide and N,N-dimethylformamide and of 

NicRMe?* in water and N,N-dimethylformamide. OW 
16 Temperature dependence of ~log (T,5Py) for 


the formyl proton of N,N-dimethylformamide 


solutions of NicR?? (both Ke) and Bae Saltese ee 


= gjbiDtes 

or OP LAY, yeni te cciisbonte aemanenialt 

oe Yo ansiszolcs aired ag fie a: yea 

oo Citta ° 

eGnpaie ston 4c 50 sono vas (ok SIRS 

Site (MS) fean a es iabbaneaeeie 

- £0L ied tigichnteat, Mott (chasis aaa 7 

7 eee 

_ ~ fty tere 26; edt suhatereectair a a 
A Swev of <tslemie 

SpE od 30 aaghe ay SeRaRCONMO “ 4 

(hetesttar nit *Sicia id satdatt Pe beqadber - 

ft vabrectinor tanh nah opie tant 

’ pateremetish o8¢ Qo sonsonqeh suhterngAT: ~ 

ai “Paatwe 10 esti ds Livinoto nodétiey Lyte 

i ehiaidesdsn . Cometteme (eae! 

ee yaaa 

sa nit fine ody 


a ee, a ena 
jn et panes nae eye 


wane? © 


oe ¢ 


—_ 


> 
7 
a An. 


- 


Figure 


Le? 


18 


19 


20 


ah 


22 


23 


24 


- NiCR(BF 


Temperature dependence of (AW Vp sa/Pm) for 


the formyl proton of N,N-dimethylformamide 


Soi cionsect Nick G (both C10, — and oe 
salts). 
Temperature dependence of ~log (T,,Py) for the 


formyl proton of N,N-dimethylformamide 


solutions of NiCRMe (C10,),. 


Temperature dependence of (Aw /Py) for “the 


obsd 


formyl proton of N,N-dimethylformamide solu- 


tions of NiCRMe (C10,) 5. 


Temperature dependence of -log(T ror 


op PM 


the water proton of aqueous solutions of 


42° 
Temperature dependence of (AW psa/ Pm) for 


the water proton of aqueous solutions of 


NiCR(BF,)>5- 


Temperature dependence of ~log (T,5Py) £0r 


the water proton of aqueous solutions of 


NiCRMe (BF) ,- 


Temperature dependence of ~log (T,,Py) for 


the methyl protons of acetonitrile solutions 


Of NiCR(PF¢).- 


Temperature dependence of (Aw a/ mu) for the 


obs 


methyl protons of acetonitrile solutions of 


NiCR(PF¢)5- 


sed 9 


Ura: 


123 


Leg 


133 


134 


ihe ys 


Ales 8S) 


140 


ete eat fot ytieok- I const eal emiiieaagaet 

| sbilberiatgasonitin 39 eeteug tect Ta 
‘ ast aaiak: io) stivueht Eokaioteaton = 
ete 202 TN yg”) ti sahobnegol egusexoqusT eb 


-whow bdo yey si skh iat 20 waekety tymsot 


Be < 

ea PO as 
Th < Ce as eae 193d Septet os . 
; | S6lencknlted tondups ib cose gana eld “ 
be, te 403 rs #h) to ocuifebpaceabl Eidaiede cu 


' a 


So Mnetsiles anaewps 15 iteebsy scaled 


Figure 


20 


26 


ay 


28 


“eS, 


30 


Zul 


32 


Temperature dependence of ~log (T, Py) for the 
methyl protons of methanol solutions of 
NiCR(BF,) 5. 


Temperature dependence of ~—log(T y for the 


2pPM 
hydroxy proton of methanol solutions of 
NiCR(BF,).5. 

Temperature dependence of (40 psa/Pm) for the 
methyl protons of methanol solutions of 
NiCR(BF,).5- 

Temperature dependence of (Aw Dsa/Pm) for the 
hydroxy proton of methanol solutions of 
NiCR(BF,).5. 


Temperature dependence of -log(T Pw) for the 


2P 
methyl protons of dimethylsulfoxide solutions 
of NiCR(PF¢).. 

Temperature dependence of (Aw psa/ Pm? fOr the 
methyl protons of dimethylsulfoxide solutions 
of NiCR(PF¢) 5. 

Temperature dependence of ~log (T55Py) forthe 
formyl proton of N,N-dimethylformamide solu- 
Eons os NiTRI(C10),)5- 

Temperature dependence of (AW nsa/Pm) for the 


formyl proton of N,N-dimethylformamide solu- 


ELONS OF NiTRI(C10,).. 


Xiv 


144 


145 


146 


147 


160 


161 


15 


176 


edd aut dytygt) vor 39 niles , 
Jo wietsitud forrtsew I wm ee 


OHO 208 TW (81 20 cnet ee 
We steLulce Lends Ay eter hala 

eel option’ 
_ ais int ba N dae Hh) 20 soosinneesly Sievamrngene’: 7 
7 16. Stiphtelisn iarmyiten 14 ei eaten 


i el, 7 "homes 
= ond x63 ea” gots AcNee nsinetiers peasemagnae.. a 


gapisiPey Soi roiledl {@ssm:6 ta snotty, Hyieant 


bait tea 


wed x? tytgettivol- $0 sinab oes pri ae 


wien: ateimnmea ryittow it -iw < sams 


Figure 


33 


34 


35 


56 


a7 


38 


op 


Lempetature dependence oL —o0g(T yetorethe 


2pPm 
formyl proton of N,N-dimethylformamide solu- 


at 


tions of NiTAAB (both C10, and NO, salts). 


4 3 


Temperature dependence of (Aw q/ om) for the 


obs 
formyl proton of N,N-dimethylformamide solu- 
ClensTor NiTAAB(C10,) 5. 

Temperature dependence of ~log (T, Py) for the 
proton resonances of water and methanol each 
containing Cotte atene) = 

Temperature dependence of ~Log (T,5Py) for the 
methyl protons of acetonitrile solutions of 
Coren ietidi ene ae ands tom the formyl proton 
of N,N-dimethylformamide solutions of 
CoCR(C10,)5- 

Temperature dependence of (Aw opsa/ Pm) for the 
methyl protons of acetonitrile solutions 
Goan deere ice 

Temperature dependence of ~log (T,5P yy) fon the 
water proton of aqueous solutions of CuCR(BF,) 5 
and for the formyl proton of N,N-dimethylforma- 
mide solutions of CuCR(BF,) 5. 

Temperature dependence of (AW psq/Pm) for the 


formyl proton of N,N-dimethylformamide solu- 


tions of CuCR(BF,) 5. 


xV 


IIE) 


180 


Leo 


190 


oe 


201 


202 


ouls 10% Ce ‘oe 39,901- 

—yioe oh Li 

. dadfne "oe Lee 
ona TO-> 


#piow 
- 


ets 207 (),94.1) 


oss Tarmicton bae 


sa2 102 
%o Baof 


aris 


nmoset9 Ly i 


Je wae ttyl co 


ee BOR yy, 


enaoituioe 


“3 -avalaaaies ty hye tt doe 76 udhein 
st sarsou 26. epeisutor Susups 


ee ee 


vw 


ror fx ‘ 


| apf trae 30 ais ie 
inset 


) de ae 
Dee ke qeoh ous: a See 


_” Slee 
30 aezouq Igamae 
c = 7 
chav go 40m id 


eoah aivda seam ‘T 
: 
rodeaq i940 
lo ai vc ho 
> 
oft sila je1eQgeeT ; 


a - 
‘rv i wi 


nioCeEs, nMoHGoIg on 


623)00 praised ay a 


erodeug Bytzea 7 


Sif [edeta) 3 


, ae 
panics i 28 


yy tpOneyy ta: 
* P - 


ao‘ . 


age ose £ seq? 
an 4 


20 usd oe 4 ay 
Th nove7g Sicvo%, ait a Cts 


ames i 
> eanainens vsud aan — 


Table 


IAS se 


IV 


VI 


Vit 


AMET ETS 


IX 


LIST OF TABLES 


Microanalytical results for various NicR?* 


and NicRMe** salts. 
Electronic spectral data for Nicr*t in water. 
Least-squares best fit parameters of the nmr 


in 


line broadening data for Mn (DMPrPor)C10, 


methanol. 

Least-squares best fit parameters of the nmr 
line broadening data for Mn (DMPrPor)C10, in 
N,N-dimethylformamide. 

Least-squares best fit parameters of the nmr 
line broadening data for MnB(C10,), in N;N- 
dimethylformamide. 

Least-squares best fit parameters of the nmr 
line broadening data for MnB(C10,). in water. 
Least-squares best fit parameters of the nmr 
line broadening data for MnB(C10,) 5 in 
Methanol. 

Least-squares best fit parameters of the 
magnetic susceptibilities of NicR?* and 
NiCRMe** in several solvents. 

Least-squares best fit parameters of the 
azo-methine methyl proton chemical shifts 


OL NicR?* and NiCRMe?* in several solvents. 


xvi 


Page 


oye: 


34 


Ne, 


61 


ie 


80 


90 


Ubi) 


sae 


Wgnin euei-158 q02 ertmees tnottytensoxiM zr 
| ed igs +S ugoiu bas 
stetew ai Senin qo! 2305 in1299qe sinwisoels . IT 
win edd Yo euedeeteey 212 teoc aciswpa+saset: Lit : 
wh gtid sore at) nM sot eJab eninsbsows mitL2 
. ,tonadtom 
snr outs 36 Avadetarsg 2/3 299¢ uctoupe-iesed Vi 
at pOS(soTr IMG) nH go4 e306 eninethsoic oak t 
ablobrcrsyndiibelit 
jon ed Fe eretanntey 614 Jee cor hepe-sshoT ° ¥ 
: 8,4 al gh,?*?? 2AM ic4 *® inh pntnebseoid satl 
av | | obi emo? Iydjemib a 
4nn eft, JO btstenssey $42 teod coseupe-dean1 IV 
wes 6y ai g! pot tum <ol ajsb oniabbeoud eail 
‘tan ot tc sredomstng 31% Jaed coxsupe~tesel Tiv 
ot a inane %O? s3sh pri rebaord enit 
-Lonetisom 
ada Fo exadomeieg 211 geod latsupt-deasod 
ban *ybn to eacaiiidiiqsoae oizenpom 
.ednawies fexevoe ni rei 


a 
=a 313 3ead essnage-snsal” 


; Pu oan 


Table 


XI 


pol 


PUB ELE 


XLV 


XV 


Peel 


> AN ATAR 


Least-squares best fit parameters of the 
nmr line broadening and chemical shift data 
fOr Nicr?t in N,N-dimethylformamide. 
Least-squares best fit parameters of the 
nmr line broadening and chemical shift data 
in Owe NiCRMe (C10,) , in N,N-dimethylformamide. 
Least-squares best fit parameters of the nmr 
line broadening data for NiCR(PF.) 5 a 
acetonitrile. 

Least-squares best-fit parameters of the 
nmr line broadening and chemical shift data 


for NiCR(BF in methanol. 


4) 2 


Observed and calculated nmr results for 
NicRr?* and NicRMe?t in N,N-dimethylformamide 


and water. 

Observed and calculated nmr results for NiCR 
in acetonitrile, methanol and dimethylsulf- 
oxide. 

Least-squares best fit parameters of the nmr 
line broadening and chemical shift data for 
NiTRI(C10,), in N,N-dimethylformamide. 
Least-squares best fit parameters of the nmr 
line broadening and chemical shift data for 


NiTAAB?t in N,N-dimethylformamide. 


XV1il 


Page 


124 


130 


141 


148 


167 


168 


aiid, 


181 


7 Ge ; 
, Tie .7 
Sat Be prosemesed 345 jood eotnype=tenel Ry 
edeh #8iie Saetein>: bies- pri nase ied 

lebintyratiynsgath-%, of = 


odd 30. geedseutrey Yt anud covets 
atab Stids Looimnio “06 pricsheotd ants: tam 
et sbigumretigdy anti i .% Ti ¢ (0 Dai ae% | 
6 


sian STO oevotmtrey in seed Astgape weno 
AE gkysTaoie +2 ctth pilesiemd salt 

Sir sZinesers 

Sid 26 sredtomerte: Ii*-seod 2o4RapeE tered 
n2ab Sittie fiotind> bas peireSaae aint aon 
slonst ten nt Me i ac% 

ast a Tieres 57 belts toon bt Eris Bsartaedo 
Ohimamacitigivont hi c- TS 3cc le ban Sanity 
+ Tata, Kati 

[es Sas benixasne 

+tivel ytitoa!> tnd Tonmidsn , 4 Lieinedoes, @. 
. + ahixo 

sew. ott ie @rtdorrmiay t1i duoc sunepeBeeed 
8 ere Fibie isaid@edin Shs ye Leathe se ants 
ee ca _(yoraianese 


Table 


AV tol T 


Gi D.4 


XX 


XXL 


y, <a Ml 


29,3 CIE 


XXIV 


XXV 


XXVI 


Observed and calculated nmr results for 
Conteaneiatidveneee Coen and Guero? 

in several solvents. 

Summary of the kinetic parameters for 
solvent exchange of Mn (DMPxPor)~ and of 
some other systems. 

Summary of the kinetic parameters for 
solvent exchange of MnB?* and of some other 


manganese (II) complexes. 


Summary of kinetic parameters for solvent 


exchange of NicR@ NicRMe*t, NiTAAB-', 
Nitri?* and of some other nickel (II) 
complexes. 


Temperature dependence of the proton line 
widths of water, acetonitrile, dimethylsulf- 
oxide, methanol and N,N-dimethylformamide. 
Hydroxy and methyl proton line widths of 
methanol solutions of Mn (DMPrPor)Cl0,. 
Hydroxy and methyl proton chemical shifts of 
methanol solutions of Mn(DMPrPor)Cl0,. 
Formyl and high) field methyl proton line 
widths of N,N-dimethylformamide solutions of 
Mn (DMPrPor)C1l0,. 


Formyl and high field methyl proton chemical 


132 


208 


Palla 


214 


234 


250 


sit, 


239 


aries 


naan Sia bdo ereskene 
nS Ban au? ai 
« daaeusOR 2 
sa ae onge Gisai kk: oth Rou ae 
fo nae Meee lesa et 1s senedee Demekte 
‘aoe ee 
| $6? asc ae ol bawes arta de geen x 
- mango Site $5 he8 ere Vo Rene lava daayior 
ifs <euxslondo (uti saegiam 
Shoe loe tot lesstent su . siterta % erent re 


“Er 1 Mgpatan | Petingit \*8abit 20 _. 
= 
ueiaid site shoe 3a. be . —_ 


a eat! Sadoed oft Lo adnohhogeb =spistaqualt . TExk - 
ipatviiters  clittinotoon , 1408 io daabiw 
see kpaason leis wnteo i “ims lonn@eg <eblne 
Sp GiatE? otk doses, tyiton Gn eae 

SS Sphal lictadt 146, Bool sulon tome 


id nO tide! inpinieds avdetg Tydzno fetn aay 


<geeeora cea ite fo neaiodton fonitiem 


Table 


XXVIT 


XXVIII 


XXIX 


XXX 


XXXI 


AXXIT 


XXXITI 


XXXIV 


XXXV 


shifts of N,N-dimethylformide solutions 


of Mn (DMPrPor)Cl0,. 


Solution magnetic susceptibilities for 


Mn (DMPrPor)C10, in methanol. 


Formyl and high field methyl proton line 
widths of N,N-dimethylformamide solutions 
of MnB(C10,).- 

Formyl proton chemical shifts for N,N- 
dimethylformamide solutions of MnB(C10,).. 
Proton line widths for aqueous solutions 
Of MnB(C10,)..- 

Proton chemical shifts for aqueous solutions 
Ope MnB(C10,).- 

Solution magnetic susceptibilities for 


MnB (C10 in water. 


4)2 
Hydroxy and methyl proton line widths at 
60 MHz for methanol solutions of 
MnB(C10,).- 

Hydroxy and methyl proton line widths at 

100 MHz for methanol solutions of MnB(C10,) 5. 
Hydroxy proton chemical shifts at 60 MHz for 


methanol solutions of MnB(C10,)5- 


xix 


241 


242 


243 


245 


246 


248 


249 


250 


heye) 


254 


el > A 


sunbsufed sRirdors ys Bakb-M OP ION 
- po1Oe : a _ 
7 79 PSE idtiqeuns aif peat) nokanies 3 


bse ~Todnfaee wi : Laie 


| Sok’ media ladg dm siovh ight he) teem 
: sdpitulcon vbimanre®iys: oulh-7*, 0 hy ae 


ane . ag eae ee 
=4% xot editde dagrinasio nosaeg 4qma07 

os 1g OED el t6-omciputoe Se ae 
gnerie ide eects x01) evalu ont poser =7 


ae st ae - 
anc 


- 


ABI EY partied) 203. vLicl clio wegett ca if 
| - | pO 2) RI Si 
2u2 saisetidiagqesrue os) -YAcegeabe pode lot : i 
rede eh, o yohotsas 

#5 BAAIEY BnbS dedosy Cutten tae Gam 
§o apossuice Sonsdtam! 19% ah 08 


i 


Table 


XXXVI 


XXXVIT 


XXXVITI 


XXAXIX 


AL 


XLI 


AGiL 


>a ENUM 


XLIV 


XLV 


XLVI 


Solution magnetic susceptibilities for 


NiCR(PF and NiCR(C10,), in N,N- 


6)2 
dimethylformamide. 

Solution magnetic susceptibilities for 
NiCRMe (C10,) 5 in N,N-dimethylformamide. 
Solution magnetic susceptibilities for 
in water. 


NiCR(BF and NiCRMe (BF 


a)2 a)2 
Solution magnetic susceptibilities for 


NicR?* 


in methanol, acetonitrile and di- 
methylsulfoxide. 

Contact shifts of the azo-methine methyl 
jei@enelolets move NicR?? and NicRMe*t in 

several solvents. 

Formyl proton line widths for N,N-dimethyl- 
formamide solutions of NiCR(PF¢)5- 

Formy1] protontchemicals#shiftsiion Ny ;N- 
dimethylformamide solutions of NiCR(PF.).. 
Formyl proton line widths for N,N-dimethyl- 
formamide solutions of NiCR(C10,)5- 

Formyl proton chemical shifts for N,N- 
dimethylformamide solutions of NiCR(C10,),. 
Formyl proton line widths for N,N-dimethyl- 


formide solutions of NiCRMe (C10,).5.- 


Formyl proton chemical shifts for N,N- 


dimethylformamide solutions of NiCRMe (C10,),.- 


xx 


209 


Cou, 


298 


260 


263 


Boy 


ee fal 


245 


29.6 


PAN Ee} 


282 


yet eisai idisqerane o- 2. 
Ae Bt COT TIT hee Pe — 
vo) eeorea th egaemenee 
| gol ap idinidisdedeue oj icnpain Oates 
vee SOthiieectiyonti-n. nt, GOL ame 
a Esitiahanmcevs ota EpPauiel 
aut otem ol, evomo® S08 | GO aproee 
“ir 468 aulsxlidisatocue orivaet Gpeeesos 
3b BhA ehisoinetoss , Tétieten es “Saya a 
‘as | nevi = 

: tifidan sailksey~exe ot? So 2sTide santa ax 
ni east: Lits *Sayt'y’ Gal en000s'y 7 
te ” Seyobtied Sieawee 
apes aib, 4 soy eid Siw sels ‘aosetyy Tyee 
sgh ley 20, eno knttem ood hdres? 
—fiy f0T es2ine tiolmody aeforey Lywerot 
gigtaitoks 45 Hoeidinloe oh innate nigdembb 
ntqultainiin 40% ed@hie ondt speee Dyes 
aehyotananes be snpisgios, SaememEDy 
ape ad@ige iavinet sogesg Byprtet 


Table 


XLVIT 


XLVIII 


XLIX 


LI 


LIf 


Nee a 


LIV 


LV 


LVI 


LVITI 


SGV ete 


Proton. Line“widths for 


NiCR (BF 


Proton chemical shifts 
Of NICR(BE 
PrOcoMms Liner wilaunse tO 
NiCRMe (BF 
Proton line widths for 


tions’ Of NICR(PE 


4)2° 


4) 2° 


43° 


6) 2° 


XXL 


Proton chemical "shittss tor acetonitrile 


solutions of NiCR(PF 


Hydroxy and methyl proton line widths for 


methanol solutions of NiCR(BF 


Hydroxy and methyl proton chemical shifts 


for-metnanol- solutions of NiCR(BE 


Proton line broadening and chemical shifts 


for dimethylsulfoxide solutions of NiCR(PF 


Formyl proton line widths for N,N-dimethyl- 


formamide solutions of NiTRI(C10 


Formyl proton chemical shifts for N,N-dimethyl- 


formamide solutions of NiTRI(C1O 


Formyl proton line widths for N,N-dimethyl- 


formamide solutions of NiTAAB(C10,) 5. 


Formyl proton line widths for N,N-dimethyl- 


formamide solutions of NiTAAB (NO3) 5. 


Page 

aqueous solutions of 
286 

for aqueous solutions 
288 

aqueous solutions of 
289 

acetonitrile solu- 

290 
6) 2° 292 
4)2° 294 
4)2° 28 
42° 307 
42° SEL 
ey be 
316 


oa 


a 


pee mu ; 

te abot ielte euobian 947 @AIbIw gabt-nggwae 3 

Ts et denen 

spTow BPA cotese nds ed then See) Heda 

ag (gf) 905M Geenass 
el@usincissr si sostiie Is pige iors ta 

., (tera ho epson _ 

—_ eebae aski wotorg ‘fede ot) Sas yeoxboll BaD. 
| “oe li Jo eno t@tige Soneiiee 

BePRGA Teeksord adiony iyo ond “yxteeplle rem. 

| og fg Berio jo aesteute: toneitemter’ | | 

as: asSiuvte Isotauis Gris pritsisosc onl ‘riage va 

hie io wrisddaloe wi:.62tvaneneemhewed’| Cae 

penle aris cote Lge’ wa _ | 

rer *. avolsuiee shinee? ~ GPT 


enbise Fou epee 16> esl ide 


ee re 


mor 
Table Page 


PIS EOLrMy) “proton chemical shifts, for N,N- 
dimethylformamide solutions of NiTAAB(C10,).,. 317 
bx poOluUttOn magnetic susceptibilities: or 


NiTAAB (C1O and NiTAAB (NO.) > in N,N- 


4)2 
dimethylformamide. 319 
hia ee rOcon Lane wlornise Lot CO eee sen ee 
in water. Bea 
LXII Solution magnetic susceptibilities of 
Co (trans [14]diene) (C10,), in water. 3273 
LXIII Hydroxy and methyl proton line widths for 
methanol solutions of Co (trans [14]diene) (BF,).. 324 
LXIV Proton, line widths for acetonitrile solutions 
of Co (trans [14]diene) 2? eS 
DAVEE COLON ChemiCaleclincs LOrsacetOnlerilesso.u-— 
tions of Cot ane a ciene ae -- 326 
LXVI Formyl proton line widths for N,N-dimethyl- 
formamide solutions of CoCR(C10,).,- Bou 


LXVII Proton line widths for aqueous solutions of 


28 

CuCR(BF,)5- S 

LXVIII Formyl proton line widths for N,N-dimethyl- 
formamide solutions of CuCR(BF,)>5- SAS) 


LXIX Formyl proton chemical shifts for N,N- 


dimethylformamide solutions of CuCR(BF,)5. Bol 


-4 4 mt eater Wire 645 e (oxo ne 
ert | 6°. bree ee 
7 | F nat hii Siene32) 9° so} sfcbiw ae Aegesy 
abt . Di ta dllane 
4H. seisifiaisgecsene cftenpaa aOrsulrese 
exe | stedow mi gt, OL9) 'sigde [pli apead) oD 
sot B#sbiw onit tedoaq Jtbt poe vrei 
se egg 38) (lasetidt? Henis3) o> So 5anortseioy Lento | 
. ~@ieisaulce Gliatiwotecs 4 siisbiv Sn2i Resea> Fae 
FE bece thet) J ohad yee ty i 
@piGe SLI Ttinw eos, 102 wll one feo sg nels nota vad 
of? patethet cl ene ‘)ekt Oe gala 
; cigloaak Hi, e468 Hipbiv aall roteay iyaag?— ® 
eg lyOis noc to atta be -@ggaa 
%> enSituice aupeirps 20) <is°:+ enh? agames t vt 
gh ate: 
| stetienst e9 evtbiw srt ae ; 
sgh thane 3 Ain enon (od af 
“edtide ‘inSteanib wade: 
baottutos wong 


at 
nN a 


CHAPTER Is: INTRODUCTION 
1. General Comments 


The nmr line broadening method has been extensively 
applied in the determination of ligand exchange ARCS ment 
Initially, attention was focussed on hexasolvated systems 
of various metal ions in order to determine a ere 
lability order, solvent effects and mechanistic information 
wegarding wthis sclass sof reactions... Useful «correlations 
with crystal field effects have been realized in many of 
the systems investigateat’4 and it appears that in at least 
the cobalt(II) and nickel(II) systems a separation of the 
enthalpies of solvent exchange into crystal field and 
solvation contributions may be possible.> Further, a com- 
parison of the solvent exchange rates with the rates of 
Substrate binding has greatly clarified the mechanisms in- 
volved in the latter reactions.*'° 
More recently, considerable interest has been shown in 
determining the effect of non-exchanging ligands on the 


Belay oO 


solvent exchange rates. Lo this, connection sthesere= 


Ley 


Su.LES 20s OH. exchange studies of partially substituted 


2 
nickel (II) and cobalt(II) aquo ions have indicated that the 
water exchange rates correlate roughly with the solvation 
number for each type of metal one This observation has 


been taken to mean that the electronic effects of the non- 


exchanging ligands, being approximately additive, are at 
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least partly responsible for the variation in the rate con- 
stants. 

Comparatively few studies, however, have been made on 
the solvent exchange or substrate binding behaviour of com- 
plexes existing as tetragonally distorted pseudo-octahedral 
Species in solution. This geometry is widely observed in 
biologically important metal ion complexes, as for instance 
in the porphyrins, phthalocyanines, and other related com- 
plexes having azo-methine donor nitrogen atoms. The ex- 
change behaviour of ferriprotoporphyrin(IX) in ethanol and 
water mixed solvent” and the studies of the rate of com- 
plexing of bis(®-diketonate)nickel(II) complexes with pico- 


10,11 are a few instances where the nmr 


line derivatives 
method has been applied to complexes of this structure. 

The work reported in this thesis is an attempt to gain 
more insight into the solvent exchange kinetics of tetra- 
gonally distorted complexes having a macrocyclic Schiff 
base or a porphyrin ligand. In using the nmr method, the 
usual chemical difficulties of complex solubility, thermal 
Stability and polymerization are encountered. Perhaps the 
greatest limitation is that the exchange rate must be of 
the correct) magnitudel to have! some effect on» the nmr ob- 
servations. The use of nonaqueous solvents with a long 
liquid temperature range is of some help in circumventing 
this difficulty. Since many nickel (II) complexes have ex- 


change rates of a magnitude ideal for study by the nmr 
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method, mucin OL tthe worl mn this and in previous studies 

has dealt with nickel(II) systems. The nickel(II) complexes 
studied here were: 2,12-dimethyl-3,7,11,17-tetraazabicy- 
clo (23.1) heptadeca-1(17)72 11,13, 15-pentaene: nieckelAil)., 


AGRE”. shown as structure I(a); and its methylated ana- 


logue, NicRMe2*, Structune sl (bb) stetrabenzol > 7h, 1500s 


[1,5,9,13]tetraazacyclohexadecinenickel (II), NiTaaB‘t, 
SErUCtuLcem EL and seripenzo(b, i, Jil lL,5o,9lerltasacyc lododecine— 
nickel (1LT)s, NivrRIet, Stvucture LIL. fhe latter complex as 
a normal octahedral complex and was studied for purposes 
GE Comparison. G The cobalt{il) and copper(Il) complexes, 
cocr** and Cucr?t, were investigated in addition to the 
Copa lta) comp lest oy af), le, 4, .4-nexamernvyl—1,4,6,11— 
tetraazacyclotetradeca-4,11-dienecobalt (II), Co(trans[14]- 
diene)-', shown as structure IV. The manganese(II), and 
manganese (III) complexes: 2,13-dimethy1-3,6,9,12,18- 
pentaazabicyclo[12.3.l]octadeca-1 (18) ,2,12,14,16~pentaene- 
manganese (ITI), MnB*T, structure V; and Mn(III) protopor- 
phyrin(IX)dimethyl ester, Mn (DMPrPor), structure VI were 
also studied. 

The temperature dependence of the magnetic suscepti- 
bility, andwiagqand contact shirt of the complexes NicRr?* 
and NiCRMe** have been investigated, as well, in a series 
of solvents. These studies were necessary to characterize 


the diamagnetic-paramagnetic equilibrium in these two sys- 


tems so that the nmr data could be interpreted properly. 
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-2. NMR Theory 


(a) General Theory 

The time dependence of the net nuclear magnetization 
in a sample in terms of longitudinal and transverse relaxa- 
tion processes is described by the Bloch phenomenological 


Lovo 


equations. These were subsequently extended by 


Meeonne lice to take into account the effect of chemical 


15 have solved these modified 


exchange. Swift and Connick 
Bloch equations for nuclei exchanging between two chemically 
distinguishable sites for the particular case that the 
concentration of one of the exchange sites, the bulk sol- 
vent, 1s much gréater than thactrol thesother site, jihe 
equivalent coordination positions of a paramagnetic complex. 
This condition permits the total signal to be approximated 
by that ,or the pure solventgin the region sor thersolvent 
resonance. Their treatment of this type of system, which 
can be represented as 
al 
MS, + Se <= MS. Sy Ge tS) (1) 
k-1 
has been found to account adequately for the exchange ef- 
fects observed in the various systems reported in this 
Ehesiseeein eq lL Ss ec epresents aledrouchany) bulk solvent 
molecule replacing any one of the n equivalent solvent 


molecules coordinated to the metal ion. Swift and Connick 
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have shown that the effect of chemical exchange and nuclear 
relaxationégon the.trbansversesrelaxation time of solvent 


nuclei can be expressed as 


2 
=a = (et lehiae (atelens oA, 7 
mh eee (Ts 1) tom  Tom™ lars 
2PM P Ti 1 1 5 5 
M ee) ee ye) + AWsy 
2M 


The usual assumptions of slow passage and low radio fre- 
quency power level are made in the derivation of eq 2. In 


this equation T anda T are the transverse nuclear 


2S 2o0bsd 
relaxation times for the pure solvent, and for the bulk 
solvent in a solution containing one type of paramagnetic 
species, respectively. For a Lorentzian line shape T, is 


relatedsto, che stull line width; -AV sine He. Of thes nmr 


absorption curve at half-maximum height by 


7 = TAv (3) 


The -ratio of the number of coordinated to non-coordinated 


solvent molecules is defined by 


Py = n{m] (4) 
boy any Litt 

where [S] represents the total molal solvent concentration, 

[m] is the molal concentration of the paramagnetic species, 


and n is the number of solvent molecules in the first co- 
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ordination sphere of the metal ion. 


From the general definition of T: 


concentration of a species (5) 


rate of disappearance of that species 


it can be readily shown by consideration of eq 1 that Pu 


TSe also related tot the lifetime of a solvent molecule 


M’ 
in, the first coordination spiere Of the meétal™i1on, "and to 


To, the lifetime of the solvent molecule in the bulk 


solvent, by means of the expression 


4E 
S 


ie@eshoulda be reali zed that Tu 


is a pseudo first-order rate 


constant which is related to the specific rate constants 


ine or kK) of.eq-l1 by 
t, = k 4 {s] - niMs_] (7) 
M n 
where kK = ki = k. 
In eq 2 Toy is the transverse relaxation time of 


nuclei in a solvent molecule coordinated to the metal ion, 
and AW represents the frequency shift in rad sec? between 
the resonance of the coordinated solvent molecules and the 


resonance for the pure solvent. 


Equation 2 omits the line broadening arising 
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from the interaction between the paramagnetic ion and 
solvent molecules beyond the first coordination sphere. In 


this work this outer sphere broadening contribution was ac- 


ats 


30 to the right sidezor 


counted tom by adding aterm 
eq 2. 
Under the same set of conditions used to derive eg 2, 


Ts 


it was shown by Swift and Connick that the observed 


chemical shift (Aw ), defined as the resonance frequency 


obsd 
observed for the bulk solvent in a solution containing the 
paramagnetic species minus the resonance frequency of the 


pure solvent, is given by 


P, Aw 
M 
u (8) 


“AM opsd = z 5 
(2 + (*u/Toy)) + (Tt) Aw) 

The definition of AW psd given above means that a downfield 

shift gives a positive value of AW nsa’ Eq eS = LS sVvaludmton 

dilute solutions (Pay <<"1). This icondition requires that 


Aw << AWy and therefore permits the approximation to 


obsd 
be made that AWy is equal to the chemical shift of the 
coordinated solvent relative to the bulk solvent in the 


solution. 
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(b) Temperature Dependence of Relaxation Times and 


Chemical Shifts 

The temperature dependence of each of the terms Tye 
Tou and AWn, found: 1nvegs = Jeand 3 1s known trom theorepical 
considerations. For Tw the temperature dependence according 


to transition state theory is given by 


ee er (2 + — 
exp( ——————— 


RT 


where Ke iss Boltzmann ise constants heist®PLlanck! ssconstant, T 
is the absolute temperature, R is the gas constant, Aut and 
ast are the enthalpy and entropy of activation, respectively. 
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It has been shown by Bloembergen that the Fermi contact 


shift can be expressed as 


WU BYS (S+1) 
hwy = a} BOS els ae (10) 
A 3ky5T 


where (2) is the hyperfine coupling constant in rad sect 
between the unpaired electrons on the metal and nuclei 

in the coordinated solvent molecule, wy, is the operating 
frequency of the nmr spectrometer, S is the spin quantum 
number of the paramagnetic ion, 8 is the Bohr magneton 
and Yr is the nuclear magnetogyric ratio. It should be 


noted that according to the earlier definition of the sign 
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of the observed chemical shift, A/h is positive for a 
down 1ela shift.) LL Wore the effective magnetic moment 
of the complex, is temperature independent then Away can 
be expressed as 


oi 
Aw) = — —— Gli) 
de 


where Cr contazns they constants? ineeqrl ts 

The contact shift will have this simple temperature 
dependence if the complex has a relatively small zero- 
field splitting and there are no low lying electronic 
states which would be thermally accessible. However, 
there is the added possibility of a significant pseudo- 
contact contribution to “the observed shift, arising from 
the dipole-dipole interaction between the nuclear spin 
and electron spins in a paramagnetic ion having a large 
GeyLactor anvsotropy +) "Kurland ‘and Mea nye, ale have 
derived expressions for the contact and pseudocontact 
shifts in systems having large zero-field splittings in 
which there is appreciable orbital angular momentum con- 
tribution to the magnetic moment and appreciable mixing 
of ground and thermally populated excited electronic 
States. Assuming rapid thermal equilibrium between 
States, they have shown that for an S = 1] system with 
axial symmetry the pseudocontact shift should be 


more properly expressed as 
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— OS ee (12) 
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9kTR 3k (ge - gf )T 
where or and g, are, respectively, the g factors parallel 
and perpendicular to the axis of symmetry of the complex, 
2 is the angle between the symmetry axis and the radius 
vector connecting the metal ion center and the probe 
nucleus, & is the magnitude! of—thas radius vector, and 
D is the zero-field splitting energy. It should be noted 
that eq 12 predicts that the pseudocontact shift. may 
show both an inverse first and an inverse second power 
dependence on the absolute temperature if the second term 
in brackets is significant with respect to one. 


Theoretical expressions for T, have been derived by 


Pog 


M 


Solomon and Bloembergen. Their account has shown 

that the magnetic interaction between nuclear and electron 
Spins can be attributed to dipole-dipole and Fermi contact 
Oreny Bert ine rcontributions.. “ine chemLomer, spin relaxation 
is a result of direct through-space interaction, whereas 

in the latter, spin relaxation is due to the finite prob- 
ability of transferring electron spin density through 
chemical bonds to the probe nucleus. These two, dipolar 


and hyperfine, contributions to Tou are represented by the 


first and second terms, respectively, in the equation 
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where <> is the average magnitude of the reciprocal of the 
= : 


sixth power of the vector connecting the interacting spins. 


The effective correlation times, £, (tp) and iy ONY, are func- 


SLOnSeOpecie  d1pOLax (Tp) and electronic ct) correlation times, 


: aoe 2aere Pag 
and in the limits Wr es Wor Wr Te, << Wr Tp << 1 they 
are given by 
HACE 
D2 
OH ake Ua eleeerr rea res (14) 
Let Was Tt 2 
SEED? 
T 
e2 
irs) SO ot ap (15) 
1 + ae 
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where Wy and Wo are the Larmour frequencies of the nucleus 
under observation and the unpaired electrons, respectively. 
Both the dipolar and hyperfine interactions can be 
modulated by electron spin relaxation or by chemical ex- 
change, and in addition, the dipolar mechanism can be 


modulated by the rotation of the complex. Thus the various 


correlation times in eqs 14 and 15 are given by 


+ T (16) 
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where Se is the rotational correlation time of the para- 


magnetic complex, Tie and Toe 


transverse electron spin relaxation times, respectively, 


are the longitudinal and 


and neat is the solvent exchange rate discussed above. 


Various theoretical developments have shown that Tie 


and T5, are functions of temperature, magnetic field, and 


zero-field splitting energy of the paramagnetic complex. 


According to the development of McLachlin“* the average 


electron spin relaxation times, <T ne andr< Tees yewhaich 


NE 2e 


define the average width of a composite electron spin 


resonance line, are given by 


as AT 

Bie. mpi ec. | Ban l ee. 16, phant 8 Chm (18) 

le e 

1 + Zee 1+4 2.2 
Wo Ta Wo To 
(G: 5 2% 

<T vi, se 3t, + We oC eee Bet_coren nemetete (9) 

2e D Cc 2 2 

1 + Wa To 1+ AW ¢ Ta 


In these equations, which are valid if To < Toor Se cee) 


function of the electron spin quantum number and of the 


zero-field splitting energy of the paramagnetic complex, 


and Peat The where T, was defined previously. Bloembergen 
and Morgan? have derived the same functional dependence 
for T, ~+ as that given by eq 18. In their treatment T, 


le 


~ 


7 

: ~ 
Jes oe ae a. 4 
- - 8c 
). x a te 4 ial 

ie ) 
rttedos Ob BE or: 
i 


PANnd 
a — 


brat) BaF do omiy nolse tess 
; 7 <—— 
ev os s AS ar? .xoleme> >ids 


- Broa Laanihusapnes st 
a 
1igqe/ nowtoats osx 


feomis Merl ax 
; su Le 1” ems et ~ ae 

sy 7 A 
Hons euot ; 


ir havi ; 
iteje * ave ar 
Site dc 5 oy : < Distt 
30,31 » level edt oF pak 
a | 
as a7 
StS ) 


1 sit coeervepete ot 


weal qmuo 
aveis 
foiy Dew 


Ste 


vars 


aga Seka ahd i 
vi 


emer ee te vpsuny wi ES 


pal’ had 7 ines 


a 


Sri trora'y Ypaliab: chats 


14 


was identified as the correlation time for distortion of 
the complex brought about by random molecular collisions. 
Consideration of eqs 13 to 17 shows that the tempera- 


ture dependence of ( a will correspond to that of the 


Tom 


Shortest correlation time controlling Ey (Tp) or Ba Mg) 
If rotational tumbling of the complex provides the most 
rapid fluctuation, then the temperature dependence of se 


= fe) fo) , = 
given by ds ep aay akg (E/RT), where TL. and E, are con 


stants, is sufficient to describe the temperature dependence 


of (Tou) a For a correlation time controlled by electron 
spin relaxation, the exact temperature dependence of (T5,) 
can be quite complicated, in view of the functional form 


oye Tie and Toe Giveneby .cdsetuwand. 9 butts generally 
assumed that here also a simple exponential temperature 

dependence applies. However, it should be noted that this 
assumption of exponential form is valid only for WoT >> 1 


eel @ 


erature dependence of Tie will be small and nonexponential. 


or WoT, << 1 and that between these two extremes the temp- 


Since in most instances ih eee Tie! the temperature 
dependence of Obed & can therefore be approximated by 


= 


(To) = Cur exp (E,,/RT) (20) 


where it is understood that Eu is an effective activation 


energy and C, LomoamCOlotailt. 


An expression for the outer sphere contribution to the 
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the observed line broadening has been derived by Luz and 
Meiboom@> for the case that the lifetime of the solvent 
molecules beyond the first coordination sphere of the 
metal ion is short relative to the tumbling time of the 
complex. In the absence of significant hyperfine inter- 
action and a well-defined second coordination sphere, Luz 
and Meiboom have shown that the outer sphere dipolar con- 
tribution can be obtained by averaging the inner sphere 
dipole-dipole interaction, described by the first term of 
eq 13, over equally populated distances from dos the aver- 
age distance of closest approach between the probe nucleus 
in a second coordination sphere solvent molecule and the 


paramagnetic center, to an infinite distance to give 
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In this expression the first term in brackets is the number 
of paramagnetic ions per em* of solution, op is the solvent 


density, N is Avogadro's number and Top is defined by 
(22) 


In the present work all observed (T y7i are normalized 
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molecules is proportional only to the metal ion concentra- 
tion, and independent of solvent molality, it is convenient 


to rewrite eq 21 as 


at 4.14 x Loess TeLypte (rp) [Ss] 
(T,5) = (23) 
d . n 
O 
et =1 
where (T55) represents the outer sphere (To) 


normalized to Py eee Inkeq Z2etheosubsticutions forsNpag, 
8 and Yr for the proton have been made. 
The temperature dependence of al eee is also generally 


assumed to be described by 


a = Co exp (E,/RT) (24) 


where Co is a constant and Eo is the effective activation 


for outer sphere broadening. 

An alternative theoretical interpretation of outer 
sphere dipolar broadening is possible if it is assumed 
that a well-defined second coordination sphere exists to 
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(c) Limiting Cases of the Swift and Connick Theory 
yt and Aw is 
2P obsd 


readily broken down into one of five unique limiting con- 


The temperature dependence of (T 


ditions, four of which were considered by Swift and Con- 


5 


is ae a The firth condztion=applies “only *to the effect of 


the paramagnetic complex on (T el for outer sphere solvent 


ee 
molecules. The observed line broadening can be affected 
by the solvent exchange rate, and in addition, it can be 
influenced by two types of relaxation mechanisms: relaxa- 


ErOM DY va al process and relaxation by the chemical shift, 


2M 
me in the Tom mechanism, discussed previously, nuclei 

in a solvent molecule coordinated to the paramagnetic com- 
plex are relaxed by a modulation of the dipolar or hyper- 
fine interaction with the unpaired electrons of the metal 
ion. In the relaxation mechanism arising from the chemical 
shift, nuclear relaxation occurs because solvent nuclei 

which are in phase coherence with the radiofrequency field 
become dephased with respect to the bulk solvent nuclei 

upon coordination of the solvent molecule to the paramagnetic 
complex. This dephasing of nuclear spins is due to the 
different precessional frequency of nuclei in the two sites. 
The "dephased" solvent molecules then return to the bulk 
solvent and give rise to a reduced net transverse magnetiza- 


tion and a smaller T. The-most efficient of these two 


Pas 
mechanisms will be the predominating relaxation mode. It is 


obvious that the observed relaxation time will be controlled 
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by thessolvent exchange rate or the rate of relaxation, 
depending on which is the slowest process. Thus, if the 
solvent exchange rate is slow, solvent molecule nuclei 
will be effectively relaxed by either of the two mechan- 
isms each time the solvent molecule coordinates to the 
metal ion, and the effective relaxation time is simply Tye 
On the other hand, if solvent exchange is fast, the life- 
time of solvent nuclei in the inner coordination sphere 
Grethesmetaision is-tooseshort forsetfective relaxation by 
either mechanism and the relaxation time is determined 

by the rate of relaxation. 

In view of the two basic types of relaxation mech- 
anisms, the limiting conditions of Ere and AW Obsd are 
most easily understood in terms of Cases A and B discussed 
below. This breakdown is justified since in reality one 
or the other of the relaxation mechanisms is generally 
most efficient. In each of the cases the limiting condi- 
tions are arranged according to their order of occurence 
as the temperature is lowered in a typical nmr solvent- 


exchange study. 
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CASE A: Relaxation by the chemical shift mechanism at 


intermediate temperatures 


2 P 
@) ee) ine a CS ae 
Tom™m TOM Moyes Se 
(258) 
Au) eras PAu 


Here the exchange of solvent molecules between the inner 
coordination sphere of the metal ion and the bulk solvent 


is fast and (T Kees is controlled by an inner sphere 


a 


dipole-dipole or hyperfine T relaxation process. The 


2M 
chemical shift relaxation mechanism is ineffective since 

the lifetime of solvent molecules in the inner coordination 
spnere,Ofethe metal rontas*toosshort tosenable nuclei to 
lose phase coherence with respect to the bulk solvent 
nuclei. The theoretical expression given as eq 13 is used 
to interpret the line broadening in this region. The 
observed shift may be large and is not affected by exchange. 
As the temperature is lowered the mean lifetime of solvent 
molecules at the metal ion site increases to the point 

when the chemical shift relaxation mechanism begins to 


become effective. Limiting condition (ii), below, then 


begins to apply. 
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(25D) 


Chemical exchange is still fast but (T - is now 


ap) 
controlled by the rate of relaxation brought about by the 
change in precessional frequency of nuclei in the ex- 
changing solvent molecule. This region of line broadening 
is unique to Case A and it is frequency dependent. The 
observed shift is appreciable and only begins to decrease 
from the value ~PyAwy when (Aun) © approaches one. 


Pinel gecOndlci1On (1 jets) theneno Longer StLiculy valid 


and condition (iii), below, begins to apply. 


2 P 
(dii) fa, >> (=) (=) ; —- = — ana 
Tom ™ the iN 
(25c) 
P 
M 
AU psd 2 
AWuT iy 


Relaxation by a change in precessional frequency of nuclei 
in the solvent molecule is now very efficient due to the 
longer lifetime of solvent molecules in the inner co- 


ordination sphere of the metal ion. Chemical exchange is 


a. 
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slow and controls (T..) ~. The observed shift is small and 


2P 


decreases rapidly as the temperature decreases due mainly 


to the increase. in Tue 


aaa (25d) 


The rate of exchange of solvent molecules from the 


first coordination sphere has now decreased to the point 


Wiener Luis toactoo Slowsto arrect sll =) 1 and Aw 


=1 


2P obsd’ 


is controlled by outer sphere dipolar 


) 


Therefore, (To, 
interaction. The theoretical expression given as eq 21 is 
used to interpret this region of line broadening. Due to 


the small hyperfine coupling constant for outer sphere 


solvent molecules, the observed shift is negligable. 


CASE B: Relaxation never controlled by the chemical shift 


(aye Gimrting cond HelonaCcase AG) sappliesyat high 


temperature where exchange is fast. Therefore, 
P 
i = M and 
oO Dat OM 


(26a) 


-— AWopsa = Pm dem 
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As the temperature is lowered relaxation by the chemical 
shift never becomes more effective than relaxation by Tom: 
Eventually, the line broadening and chemical shift begin 


to show solvent exchange effects as shown in Case B (ii), 


below. 
2 y) 2 P 
(44) (+) >> Awy o (4); = 4 ana 
Tom Ty LP eM 
(26b) 
2 
Aw P, Aw (a2) 

obsd Mam 

Ty 


ALe chase pointexcelaxationsby lant mechanism is fast and 


2M 


(Parise is controlled by the rate of chemical exchange. 


The observed shift will be small since T/T oe land will 


2M 


decrease rapidly with temperature due to the effect of Tue 


(iii) Chemical exchange is now very slow and limiting 


condi tion’ Case A’ (iv) ,cabove|sapplies .qaThat is, 


= (26c) 


It is readily observed that the relaxation mechanism 
differentiating Cases A and B might be identified by a 
study of a system at two frequencies. The frequency de- 


pendence of (T ye predicted by limiting condition 
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OS) 
Case Av(21) will not normally occursin Case B, unless T 


2M 


is frequency dependent as a result of a magnetic field 


dependence of the correlation time controlling T Lt 


2M° 


should also be noted that if (T,,) is observed ina 
system only in the regions defined by A (iii) or B (ii), 
the relaxation mechanism would be ambiguous. But, due to 


the opposite dependence of Aw upon AWyy in these in- 


obsd 
Seances 12t 1S possible, in principle, to distinguish the 


cases by a study of Aw at two frequencies. 


obsd 
Since each of the quantities Tus AWys Tou and T56 
contained in the general expression for (yada has a 
different temperature dependence, a plot of -log(T,, Pw 
against the inverse absolute temperature will provide.a 
good andicationrort the process controlling Lipa) 
especially in view of the normally large differences in 
activation energies for relaxation (Ey or Eo) and chemical 
exchange (ant) . The magnitude of the various parameters 
defining the limiting conditions then can be obtained 
PLONBAndraADnLcal id tiOmechecucata. moln thi Ses tucdyeamnon a 
ki, 


linear least-squares program?” was used to fit the Chee 


and Aw, sa/ eM data to the general expressions 2 and 8, 


b 
respectively, or to the appropriate reduced form of these 
equations, using initial guesses obtained from a graphical 
MC TNCRODVLOUSLOLEGLCULtY: WLEREthis approach tsechat 


due to the large number of adjustable parameters, it is 
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added difficulty frequently arises in that one or more of 
the limiting regions is not well defined. However, a more 
internally consistent set of parameters can be obtained 

by making aS many independent measurements as possible. 


In this regard, measurements of both the chemical shift and 


a and also at two frequencies, if a frequency de- 


pendence should exist, are extremely valuable. Measurements 
performed on two different protons in the exchanging solvent 
molecule are) also userul. 


It should be noted, however, that although both Tou 


and Tt,, determine Aw when chemical exchange is slow, it 


M obsd 


is not possible to determine the parameters defining both 


D ane LOM a COMDULerA Lite OF Aw to eq 8, since in 


2M M 


no case does Tou alone control AW sda’ 


obsd 


The greatest use 
of shift measurements is in an independent determination of 


Aw, When exchange is fast; and in an evaluation of Aut and 


M 
ast, using the Tou parameters obtained from a fit of the 


it 


(TDP uy) data, when exchange is slow. 
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CHAPTER II. THE PREPARATION AND CHARACTERIZATION OF 
COMPLEXES, SOLVENT PURIFICATION, SAMPLE 


PREPARATION AND INSTRUMENTATION 


1. Purification of Solvents 

The solvents, N,N-dimethylformamide (Raylo Reagent), 
dimethylsulfoxide (Fisher Reagent), acetonitrile (Baker 
Reagent), methanol (Macco Reagent) and 2,2,2-trifluoro- 
ethanol (Eastman Organic Chemicals) were all purified by 
double vacuum distillation from Linde 3A molecular sieves. 
Only the middle fraction of each distillation was re- 
tained. All nonaqueous solvents were stored under 
vacuum over molecular sSieves. Subsequent transfers of a 
solvent onto a complex were performed under vacuum. 

The water used for aqueous samples was also doubly 
Grstrtetleds'*The*final®distipiation (from “alkaline potas— 


sium permanganate) occured in an all glass apparatus. 


Za5 Preparation and characterization of (chiloroaquo) = 
manganese (III) protoporphyrin (IX)dimethyl ester 
{Mn (DMPrPor)C1l-OH,} 

This complex was prepared from protoporphyrin (1X) - 
dimethyl ester (Sigma Chemical Co.) and manganous acetate 
tetrahydrate (Fisher Reagent) in glacial acetic acid 
solvent as described by Boucher.*° The product, which was 
isolated as the chloride salt, was purified by Soxhlet 


extraction with benzene following Boucher's procedure. 
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The compound was further characterized by comparison 
of its visible spectrum to that reported by Boucher. For 
Mn (DMPrPor)C1l*OH, in methanol absorption maxima, with ex- 


tinction coefficients in parentheses, were observed at 


© ae eae Wo em) DN aie ane 


1 (Glin ees 107 m7 em) with a 


a 


2A0.0.0 ecias 


OmMEeECH banda oO ObAcnE 


(3.90 nex 
@aethen weak band at. aly ,200, cm. These band positions 
are in agreement with those given by Boucher, however, the 
extinction coefficients appear to be slightly higher than 
eaosenwhich can ~be-read from Figure, 5 of ret .26.. grhe 
intensity ratio’ of 0.76 obtained here for the two most 
intense bands is in good agreement with the value of 0.75 
given .in Table III of ref 26. it has also been observed 
that the removal of chloride ion from methanol solutions 


of Mn (DMPrPor)Cl°*OH uSing silver perchlorate, causes 


2! 
no change in the visible spectrum. This result confirms 
Boucher's earlier conclusion that halide anion complexing 
does not occur in methanol. However, chloride os in ad- 
dition to the coordinated water, was removed. from all 
samples used in the nmr study in order to avoid any pos- 
sible complexing in the temperature range employed. 


’ +. 
The effective magnetic moment of Mn(DMPrPor) in 


methanol was measured between -60 and 40°, using the nmr 
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shift method suggested by Evans.*/ AP 950 1 OS 107 3m 


solution was prepared under vacuum by treating Mn (DMPrPor) - 


C1l°OH, in methanol with AgClO, and molecular sieves as 


2 


described subsequently. Cyclopentane was used as the in- 


4 


ternal standard. All the measured magnetic susceptibili- 
ties were corrected for the diamagnetism of the Be uy 
ligand using a diamagnetic correction of -330 x toa” cgs 
units obtained from Pascal's constants.7°° The resulting 
effective magnetic moment was 5.03 BM, in agreement with 


ae FOR 


the values 4.86 to 4.97 BM determined by Boucher 
Reus solid salts. Over the temperature range studied 
the solution magnetic susceptibilities obeyed a Curie law 
temperature dependence. Calvin and Loach?” have found a 
Similar temperature dependence for the susceptibility of 


solid (chloroaquo) manganese (III) haematoporphyrin (IX) di- 


methyl ester. 


3. Preparation and characterization of ner sheen GTS 
3,6,9,12,18-pentaazabicyclo[12.3.l]loctadeca-1(18) ,2,12,- 
14,16-pentaenemanganese (II) perchlorate {MnB(C10,),}. 
The procedure used in preparing this unusual complex 
having a pentadendate macrocyclic ligand was that first 
reported by Alexander, Heuvelen and Hamilton. ?? The self- 
condensation reaction of 2,6-diacetylpyridine (Aldrich 


Chemical Co.) with triethylenetetramine (Aldrich Chemical 


©o.,° technical gradée)—in the presence of manganese (II)- 
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chloride tetrahydrate (Fisher Reagent) in aqueous methanol 
solvent was allowed to occur for one hour at room tempera- 
ture. The complex was first isolated as the chloride 

salt and then converted to the perchlorate complex by the 
addition of an aqueous solution of sodium perchlorate to 
aesOLuctoneoL MnBCl., in water. After cooling, the yellow 
product was filtered, redissolved in warm water and repre- 
Cipitated with aqueous sodium perchlorate. The MnB(C10,) 5 
was filtered, washed first with cool water and then with 
ethanol and ether, and air dried. The addition of silver 


nitrate solution to a quantity of MnB(C10,),, prepared in 


this manner, indicated the absence of chloride ion. 


AVG ead LCCOSEOG MnC, .H53N, (OH,) , (C10,) 5: Cre sOU: 


gee sr rulhsh? INE EEN OS are ll gene el Gay ce Bare Ech as (aes) yr ho 
Noe 2a 

This aquo complex, which was subsequently used only 
for the water proton nmr study, was further characterized 
by its IR spectrum and by a magnetic susceptibility study 
at several temperatures using Evan's nmr method. */ 

The IR spectrum of MnB (OH,)5(C10,)5°H,0, determined 
fOnecd NuUtOL Mul so indacatedsbandc character sti Cc oF othe 
imide and secondary amine groups at 1650 cm + and 3280 em; 
respectively. A band at 1590 cm? was attributed to the 
pyridine ring vibrations. In addition, a broad.absorption 
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at 3400 cm ~ and one in the region 1000 to 1150 cm 
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marked the presence of coordinated water, and perchlorate 
ion, respectively. 
Magnetic susceptibility measurements were made on an 


aqueous solution of MnB(OH (C10,),°H,0 over the temp- 


2)2 
erature=irnterval (2° to, 34-28. this solution was not de- 
gassed and acetone at a concentration of 5 vol % was used 
as the internal standard. Within the experimental error 
of the shift measurements, the molar susceptibilities 
corrected for the diamagnetism of the macrocyclic Ligana?? 
(13 Gao ome cgs units), adhered to a Curie temperature 
dependence and indicated an average effective magnetic 
moment of 5.9 BM. This value compares favorably with the 
Spin only value for high-spin manganese(II) and reasonably 
well with the result of a previous magnetic susceptibility 


31 


study of solid MnBCl., in which the magnetic moment was 


Z 
observed to be slightly temperature dependent, varying 
BLO ey oe teO) CeCOm DG Um bie te olla. This temperature 
dependence of the effective magnetic moment was not ob- 
served for aqueous solutions of the perchlorate salt re- 
ported here. 

For the purpose of nonaqueous solvent proton nmr 
measurements a portion of the MnB(OH,) ,(C10,)5°H,0O was 
dried in vacuo over P1019 at room temperature in order to 
remove the coordinated water. After several weeks of 


drying an IR spectrum of the complex indicated the absence 


of coordinated water. Further, as previously observed by 
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Alexander, et eee the intense perchlorate band was now 


split, a result probably due to perchlorate ion coordina- 


tion as suggested by these workers. 


15H23N5 (C10,) 5: Cena a 


Popa 2 ON peo Oem OUNG 28 eS Oj ean eae el oL: 


Avo Ge ee CaLc aston fine 


NG e135 20% 
4, Preparation and characterization of the various salts 


Ofezy l2=dimethyi-37/,1 lj /=tetraazabicyclo (13 21) hepta— 
deca-i(17)), 27,7, 11135 15=pentaenenickel (11) Lien and its 


methylated analogue {NicRMe**} 


These two complexes were studied in several solvents 
and. as a result of~solubility limitations it was necessary 
to prepare various salts. 

NiCRC1, was prepared from stoichiometric amounts of 
"6H,0 (Baker and Adamson), 2,6-diacetylpyridine and 


Nicl., 


3,3'-diaminodipropylamine (Matheson, Coleman and Bell), 
using Curry's procedure, as described by Karn and Busch. > 
The product was recrystallized from warm water. 

The hexafluorophosphate salt, which is much less 
water soluble than the chloride, was prepared by mixing 
Saturated aqueous solutions of NiCRC1, and NaPF (Alfa 
Inorganics). The yellow product was recrystallized from 
aqueous solution. 


The very water soluble tetrafluoroborate salt was 


prepared by mixing solutions of AgBF, and NiCRC1,; the 


a | | ae 
| ilies 


y Taeaee ine Orin! shalt genornit oan yi she 
Ti paceman ied siaralsoneq oF sul a etthe 2 


-peo/sow ono ge 


u + 


Ut, 2e .2 tig 22>) ale hey 307 by siESD 


od Wh keph .S Mmwot «85+ EL uM Ghik aft 
.O5.0L, roe 


etisy een! JV gol cd £3 oF at Jorsens 
ee = : ’ 
wedge the": pb ay agee vapor TOLLS oe 

: ag ain 0° " Pin) bigs ——— ies = fb. 
: 


uly e403), his Sloe Pes fya3s 


| : ; ve 
7 ginevios Inanrse Ps ate tthe F- aw estelQnen ows asetl ae 
s)riotes to +itade «be BERS 


_rkacoosn Sc oF eho ies Aric.» 


7 
| nilse epoltsv oxegesy 68, a 


an “Sion Sietemolitiicsc ties) Yeteeeag enw § IDADLM , 
: ie 2 ear 7 > x 
a BAS exLoley iyo onLn- oe , (aoseenA Goes ~oXgtt) O,He* “Tor 


STitss Bah apseloy .wceorte™) Ss aly ong thontmet 
Sh eet bie “ees YO Dadicoest es «! snkesonig, 3 eRe | iiel 7 


frsge@ litew mot2 Gaswi fe jaygroas Caw 


ateb Hott ei tiple ,iloa sdpige inom seas « 
erika hetrageng = ebixcintce ets Ret avi 
- eeeay gre tate gle Fi Yor aie sot aap 
o ee aoe togboig woltav selikaes 


= ; 


3 


AgBF , being prepared by the addition of 253 HBF , (Baker and 


Adamson) to a solution of Agy4CO (Johnson Matthey and 


3 
Mallory) until neutralization was complete. The AgCl was 
removed by filtration and the resultant solution was 
evaporated under vacuum until crystallization commenced. 
This solution was cooled and the product collected by 
filtration and then recrystallized twice from water. Al- 
ternatively, the tetrafluoroborate salt was prepared by 


using Ni(BF,) 5° 6H OO (Almas lniorgana cs )ppin lace, of 


2 
NiCl.,°6H,0 in the original condensation reaction. Some 
care is necessary in the latter method since overheating 
or prolonged reaction time resulted in a mixture of fluor- 
ide and tetrafluoroborate salts. The dried tetrafluoro- 
borate mMaltwwasesbrick, red gingcolor. 

NiCR(C10 


and NiCR(NO were prepared as described 


4)2 3)2 
by Karn and Busehies. NiCR(SbF;) 5 was prepared from 


HiAGRCi~ and. Ag (SbF; ) (Pennisular Chemical Research Inc.) 


2 
in a manner analogous to that used for NiCR(BF,).5- 
NiCRMeC1., was prepared by the same procedure as that 


used for NiCRCl except that the amine, 3,3'-diamino N- 


2" 
methyldipropylamine (Ames Laboratories, Inc.), was used. 
Thesperchlorate andetetrafluoroborate, salts, weresprepaered 
using procedures analogous to those described above. 

All of the salts were dried under vacuum over PA%9 


at room temperature until the resolved OH stretching bands 


ais 3500. tog3s600 cue in Nujol, had disappeared from the 
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infrared spectrum. The compounds were characterized by 
carbon, hydrogen, and nitrogen analyses given in Table I, 
and by their infrared, electronic and nmr spectra. 


The infrared spectra of NiCR(BF NICRICGLO and 


4)" 4)2 
NiCR(PF,) 5 in Nujol mulls were identical except for bands 


characteristic of the anion. Band positions were in gen- 
eral agreement with those reported by Rich and Stucky>> 
for NiCR(ZnC1l,). However, their spectra in KBr show a 
water absorption at 3380 cmt and fail to show the sharp 


N-H Stretching absorption at 3230 cm + observed in the 


present work. The complex absorption, due to C=N stretching 


andepvridine ring vibrations, in the 1575 to, 1595 cm + 


region, has been observed in the present and previous work. 
The infrared spectrum of NiCRMe (BF ,) » was almost identical 


with that of NiCR(BF except for the absence of the N-H 


4)2 
streteging absorption at 3230 cmt, as expected, since 


this is now an N-CH, group. There is an additional peak 


a consistent with a C-N stretching vibration, 


and two different peaks at 850 and 780 cmt. 


at 1245 cm 


The peak maxima and molar extinction coefficients in 
the electronic spectra of NiCR(BF,) 5 and NiCR(PF.) 5 in 


water are given in Table II. The results for NiCR(BF,) 5 


are in good agreement with those given by Rich and Stucky ,>° 
except that the latter workers did not observe the band 
at 720 nm. Measurements on the perchlorate and nitrate 

-1 


salts at 396 nm gave extinction coefficients of 127 mM tom 
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Electronic spectrum of NicRr?t LNBeGucousmsolutitons ate? 528 


ome in ction Coefficient, Moe crac 
Band position, nm NiCR(BF,) 5 NiCR(PF.), 
720 0.025 eee 2) 
396 0.124 0.148 
300 ‘) 2226 A 
266 54 Be 7kU 
230 shea ae Ro as 


(a) Shoulder 
(bp) =the salt 1S-t0o iAnsoluble in water tor this “extinction 


coefficient to be measured. 
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and 122 mM tem™?, respectively, in agreement with the value 


for the BEE AE Salt.” “However, the extinction, cocfiacients of 
che PE Saltvats396' nm? ais significantly greater! than that 
of the BER. salt. MRecrystayiaizataon. of the eae salt and 


addi tionioferanor Pars to solutions of the 37 salt failed 
topatiect thesextinctionscocificients ySince’bothwsalts 
were derived from the same NiCRC1, source and since one 
extinction coefficients agree at the other wavelengths, an 
impurity seems unlikely. No adequate explanation has been 
found for this phenomenon, but both the clo,” and a 
salts gave identical nmr results in DMF. Also the results 
of the nmr study on the Bae and LOD salts in water were 
in agreement. 

The spectrum of NiCRMe (BF ,) 5 in water at 25° is 
similar to that of NiCR(BF,)>5- There are maxima at 750 
andes%96 nmiwith extinetion@coefticients? of L277 eands 595 
Motomt, respectively. The same values were obtained for 
the perchlorate salt in water. The large difference in 
extinction coefficients at 396 nm between NicR?* and 
NicRMe?* is mainly due to the greater percentage of dia- 
magnetic species present in the latter system at 25°. 

The nmr and magnetic susceptibility studies show 
Enateonly the GQiamagnetic Lorm or the complexes: as@present 
in trifluoroethanol. In this solvent the visible spectra 

4)" 4) 6)2 show a maximum 
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3 nee) 


ee ce erceeeed ome) 11 CL ed eee 2 ees eet () oe em +, respectively. Under the 


same conditions NiCRMe(C10 and NiCRMe (BF ,) 5 also show a 


4)2 

Moaxcimumeat 290 Nmiwitheextinction Gockficients fof .l. 368 x aye 
Sheteh Alls Shy oe LOr mM tom™t, respectively. 

It is clear from.these results that the absorbance at 
396 nm in aqueous solutions is strongly affected by the 
diamagnetic species. The temperature variations of the 
visible spectra, to be discussed later in connection with 
equilibirium constant measurements, are consistent with 
this assignment. 

When either NiCR(BF,) 5 or NiCRMe (BF ,) 5 is dissolved 
Pimeiwt TUOrOACe LIC raACciId, d,-nitromethane, OG treLtluoro= 
ethanol the macrocyclic ligand pmr of the diamagnetic 
complex is observed. The spectra are shown in Figure l. 
The A5B multiplet centered at ~2tT is due to the pyridyl 
protons and the peak at 7.461 is readily assigned to the 
two equivalent CH, groups. The amine CH, in NicRMe?* is 
observed at 6.85tT. The integrated intensities of the 
peaks were completely consistent with this assignment. 
These chemical shifts are assigned to the pure diamagnetic 
form Since they are independent of the non-coordinating 
ener ceed and also temperature independent over the 
ange “42° to 62 © ine cr leiuoroethanol . 

In coordinating solvents the pmr spectra of these 


complexes are very temperature dependent and this has en- 


abled a quantitative characterization of the temperature 
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dependence of diamagnetic-paramagnetic equilibrium which 
was observed to be present. ‘The results of this study and 
of the related magnetic ‘susceptibility "studies are given 


imethapter BLL yesectione3* 


5 LHe preparation fand Pcharacteniization ior Cletrahenz0- 


[o7£, 3,0) (l, S,o plaltetraazabicyclohnexadecinenickel{12) 
perchlorate {NiTAAB(C10,) 5} 


NiTAAB (NO) 5 was prepared by the self-condensation 


reaction of o-aminobenzaldehyde in the presence of 


3)5°6H,0 as described by Melson and Busch.** The 


o-aminobenzaldehyde was prepared by the method of Smith 
55 


Ni (NO 
and Opie. The reaction product, “which ‘contains a mix- 
ture of two different Schiff bases, was separated by the 
addition of a concentrated solution of sodium perchlorate 

as suggested by Melson and Busch; >4 the red NiTAAB(C10,) 5 
immediately precipitating from solution. The filtrate 
containing yet another Schiff base was saved. The perchlor- 
ate salt isolated in this manner was converted to the 


nitrate salt using their procedure. Upon air drying, the 


following analyses were obtained. 


A Che a Clee Oa NiC, 9H. oN, (OH,) 5 (NO3) 5: Cee oe ea 
Hy 0S teN eL So hole COUN +, COS. Lem yee cs 
Ni aeltois 0. 

A portion of the above nitrate salt was reconverted 


to the perchlorate salt by the addition of a sodium per- 
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chlorate solution to an aqueous solution of the nitrate 
salt. The product was filtered, washed with a solution of 
sodium perchlorate and finally with water. It was dried 


Over PAP 6 ateroom temperature. 
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28420 4) 2? 
Nise oe Or ee Ounce, 50. 20 ies. U2ee NGO. a0 
The IR spectrum of each of these complexes was in 
agreement with that previously reported. >" 
As a further characterization, magnetic susceptibility 
measurements, by the method of Evans,-/ were made on both 
in DMF. Both salts indicated 


NiTAAB (NO and Ni TAABNGTO 


3) 2 4) 2 
molar susceptibilities having the same temperature de- 
pendence and the same limiting magnetic moment. At low 
temperatures the molar susceptibilities were observed to 
follow a Curie temperature dependence with a limiting mag- 
netic moment of 3.14 BM. At higher temperatures the sus- 
ceptibilities indicated the formation of a diamagnetic 
species as evidenced by the slight upward curvature ina 
pLoOcrof Vike against T°K. Due to the small temperature 
dependence of the diamagnetic~paramagnetic equilibrium, the 
determination of the temperature dependence of the equilib- 
rium constant from these results was only of limited ac- 
Curacy. However, the results were of qualitative value in 
2+ 


interpreting the solvent proton nmr study of NiTAAB ibe 


DMF’. 
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0. Ine preparation “and "characteryzation) of tribenzolb,t, 7) — 
[1,5,9]triazacyclododecinenickel (II) perchlorate 
{NiTRI(C10,) 4} 

This*complex7, winch tsealco-productsof NiTaAAB?* in the 
self-condensation reaction of o-aminobenzaldehyde, was 


SE IPEAS as outlined 


prepared by the method’ of Bush and Melson 
in Part 5 above. The filtrate mentioned there was used in 
the present case. Both the nitrate and perchlorate salts 


were isolated using the procedure in ref 36. The complexes 


Were air’dried. 


i 7 e 
Andie. Card 7g £0r NiC,,H)_5N, (OH,) 5 (NO3) 5: Cea © 
Hes 2635 NG “See 6s eB FOunadet eC, 47). s erie. 3.40): 


Ne s1387 407 


1 7 e e 
Calcd stor NiC,,H.5N, (OH,) 3(C10,) 5: CrarAl = Gs 


Himes aL NN Gee Olt cee OUT sham ye 4 cosa pees 


The complex was also identified by a comparison of 
its infrared spectrum to the spectral results previously 


Poblished.-° 


ieee Preparation and, characterizationlor 27 12—-dimethyi= 


os, J 7 —tetraazapicyc loti 13% .1)heptadeca-1li(1/), 29711,- 
13,15-pentaenecobalt (II) perchlorate {CoCR(C10,) 5} 
The nitrate salt of this complex was prepared using 


the method of Long and Busch ,>/ in which 2;6-dvacetyipyri— 
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dine is condensed with 3,3'-diaminodipropylamine in the 
presence of Co (NO3) 5° 6H,0 (Baker and Adamson) in aqueous 
ethanol for 3-4 hrs. All solutions were purged with argon 
prior to being mixed and the reaction was allowed to 
proceed in an argon atmosphere. All subsequent handling of 
the complex was done with the rigorous exclusion of air. 
After excess solvent was removed under vacuum from Phe 
reaction mixture, a degassed solution of sodium perchlorate 
was added. The product, which precipitated immediately, 
Was recrystallized from water and dried on the vacuum line. 


Crystals or ,dry CoCR(C10)) 5 were maroon in color. 


Wiigine Gale -d fOr CoC, -H55N, (C10,) >: Cy 34.90; 
Le aero ON pee CO mE OIT Cc Geeks nt) Ame et 
Nelle i 
This complex was also identified by a comparison of 
PES el Rn esSpectLum with, thateor NiCR(C10,) 5 and to previously 
reported results.?/ Also, the visible spectrum of a 
degassed methanol solution of CoCR(C10,) 5 was measured. 
In the resulting spectrum, which is very similar to the 


37 band maxima, with 


reflectance spectrum of CoCRBr (C10,), 
extinction coefficients in Mo cm? units shown in paren- 
theses, were observed at 368 nm (1.36 x 10°), 465 nm 
(1.56 x 10°), 547 nm (1.0 x 10°), 610 nm (8.3 x 10°) and 
700 nm (~ 3 x 10%). 


The magnetic moment of a degassed DMF solution of 
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CoCR(C10,). was measured at only one temperature. A 
value of 1.85 BM was obtained at 35°. This is consistent 
with a /low-spin electronic configuration for the 


Coda Etech). 


So. Preparation and Characterizacion O1 2-12-dimethyi— 
377,117 1/-tetraagabiecyclo(li.3.1) heptadeca—-1 (17) ,2,11,13,15- 
pentaenecopper (II) tetrafluoroborate {CuCR(BF,) 5} 
CuCRC1. and subsequently the tetrafluoroborate salt 
were prepared using the method analogous to that used to 
obtain NiCR(BF,).5, with CuCl, *2H,0 (Fisher) replacing 


NiCl.*6H,O in the preliminary reaction. The product was 


dried over P,P 9 TN Vacuor 


ANG Calg dae ror CuC, -H, oN, (BF4) 5: Cems 6.3 OF etl: 
TWEE Nie AIL ASU ae Sbeyehele TOR sige. ela LE getye 
Needle 


The visible and uv spectrum of an aqueous solution 


of CuCR (BF) » had band maxima at 560, 302 and 313 nm with 
extinction coefficients of 1534 x oe 2 Ome To and 
CL eh ei ina uw tom7!, respectively. In addition, a shoulder 


was present at 325 nm. These measurements are in agree- 

3 
ment with the results reported for CuCR(ZnC1 ,) except 
that the band at 560 nm in the visible was reported to have 


an extinction coefficient of 110 mo tom 1, 


aus e 7!) a % Poe @. Yee 


a ih 


A setpteseyney 200 ¥ito 45 bets 
* saedntacrs a ete |. "CE .38 homtetde « 
Siftyeret Helaseigl iden ojréethette % 


Mix 


= Fiygid teiktn Gh Xe ac joidevizetonwel> Gre alse i 


~ 


wert tA, ELF; (te eees cee * J Detoyst Saat. baa Lae 
7 age 


" ly HAS oe SOS Aoulie 27S i eee “a oe sd. i 


7 . 
Siew eisrodo weal nis) al tn ujerdve fon gee 


8} buoholens borseh os Sabem Bomeg ai 
ete ft) oO IS? ed dik a 3 «ge EE ‘ 


pa inal 73> ( 2 ve ‘ i. 


a : for Anohtve 4dP) .rerioass ted tere drs bt so 
,Cnlos al pea? 7 


OF Bear dao 


Su 70% BYSReD nee ; 


on 


“eH ,et.05 52 alg Tl Agee 
80h cE yfheOE 5D PhaDOS 6.01 7 Ras 
Sr vig 4 

_ aan 
nePoptcer Guebhey sd Mc cults >eqe Fu Pre ohebeky * Tv 


Ofte at CLE kha SOC L002 3s Smiach bred as 
Sinn OE xe he SL x MEL Yo ae a 
@eSI0ot® o ‘yrHiathbs nt ioe tiMeqesz ali 
Sante - OL BIsSpwswe oi sant ie ae ‘Sea 
4 OE (gies v Sot betxouoT edluevs " is 7 
Tos aew eideaty wit ri me 088 See 


- 


oh i- ) ¥ | 
pen 01) to Jasin 


43 


eee revo raicl Ol ano Characterimed @LON TOl@> , 1.0 -b2, La tA— 


hexamethyl1-1,4,7,ll-tetraazacyclotetradeca-4,11-dienecobalt 


perchlorate {Co (trans [14]diene) (C10,) 4} 
The metal-free Schiff base salt, trans [14]diene*2HCl0,, 
38 


was prepared by the method of Curtus and Hay. tin the 
first stage, equimolar amounts of dilute HC1O, and ethylene- 
diamine (en) were mixed while being cooled in an ice bath. 
The product, en,*HClo,, was not isolated; instead, excess 
mesityl oxide (Eastman Organic Chemicals) was added to this 
solution and the reaction allowed to proceed without ex- 
ternal heating. The resulting trans[14]diene-2HC1O, was 
filtered and washed with acetone. A comparison of the IR 
spectrum with the results previously reported” and a 
determination of the integrated pmr spectrum served to 
identify this product. The cobalt(II) complex was 

prepared by the reaction of equimolar amounts of 

trans [14]diene* (HC1LO 


and Co (CH,CO "4H,50 (Fisher 


4)2 2)2 
Reagent) in aqueous methanol solvent at 70°. All solu- 
tions were initially purged with nitrogen and the reaction 
Pago aACeei i ani eLOgenmatmOSpUCLe meal LCR Zoo. t Soule 
resulting orange solution was evaporated down under 

vacuum until precipitation of the cobalt(II) Schiff base 
complex commenced. After further cooling the product was 
filtered in a glove bag and recrystallized twice from 


degassed water and finally from acetone. The yellow com- 


plex was dried over P19 in vacuo at room temperature. 
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LUGibeeec dlc Clfor GOST oescndkees ie Cle) ahivy 315 
5.99, N; 10.41, Co; 10.95. Found: C; 35.52, 
eae bee tee OO COs eel Oo ase 

Cobalt was analyzed for spectrophotometrically* as 

the thiocyanate complex after degradation of the Schiff 
base complex with potassium persulfate (AnalaR). The 
tetrafluoroborate salt of this complex was also prepared 
using an analogous procedure in which trans[14]diene*2HBF,, 
prepared from dilute HBF , and ethylenediamine, was 


employed. 


Anal. Calc'd for CoC, (HN, (BF,)5: Cr 37.46, Hi 
Gr 2 Nl cee Oe o Cree OU DG: tm rs jue Oe sees lee 
New Ono 4 
This complex was also identified by a comparison of 
its IR spectrum with previously reported results.°° The 
visible spectrum of freshly prepared aqueous solutions of 
Co(trans[14]diene) (C10,), consisted of one band at 442 nm 
having an extinction coefficient of 97 Mm tom7+, Compari- 
son of this spectrum with those of Errcoteae LOGethe 
Gorcesponding cobalt (111) complexeindicated that almgoxi— 
dation of the complex, in the time taken to determine the 
Spectrum, had not occured. After several hours, however, 
the presence of Co(III) was detected and it was thus 


necessary to prepare all nmr and epr samples under vacuum. 


Magnetic susceptibility measurements were made on 
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degassed aqueous solutions of Co(trans[14]diene) (C10,),. 
The temperature dependence of the molar susceptibilities, 
‘corrected for the diamagnetism of the Schiff base ligana, 78 
indicated a Curie-Weiss dependence with 6 = 42°K. An ef- 


fective magnetic moment of 2.07 BM was obtained from these 


measurements, thus twndvcating dow=spinrcobalt(1Il)? 


10. Sample Preparation 

All nonaqueous solvent samples and also the aqueous 
samples of Conran ican ai were prepared under vacuum 
uSing standard vacuum line techniques. 

The general procedure consisted of placing a weighed 
amount of complex in a suitable flask which was then 
evacuated and weighed. The solvent was vacuum distilled 
onto the solid and the flask and contents were reweighed 
to determine the weight of solvent. An aliquot of -the 
solution was poured into an nmr tube into which a small 
amount of internal standard was previously added. The 
nmr tube was then sealed. 

In the case of the samples prepared from NiTRI (OH,) 3- 
O10 (NO and NiTAAB(OH the 


NiTRI (OH > (NO 


4) 2! yl gy Ilys 2) 3) 2 
stock solutions, prepared in the above manner, were 

poured under vacuum into an evacuated vessel containing 
Linde 3A molecular sieves in order to remove the coordinated 
water. After several hours, these solutions were used to 


prepare the nmr samples. 
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Methanol and DMF solutions of Mn (DMPrPor) * were 
prepared by placing a weighed amount of Mn (DMPrPor)C1+0H, 
and a slight excess of AgClO, inethestlask, ,Atter,the 
vacuum preparation of these solutions, they were passed 
through a sintered glass filter to remove the AgCl and 
into another flask containing molecular sieves. These 
solutions were used after 2-3 hours to prepare the nmr 
Samples. | 

Whenever dilute methanol solutions of either NiCR(BF,) 5 
ele MnB(C10,) 5 were prepared, it was found necessary to add 
a very small amount of anhydrous 2,4-dinitrobenzenesulfonic 
acid (Eastman Organic Chemicals) to the nmr samples in 
order to collapse the coupling between methyl and hydroxy 
protons. The blank methanol sample was similarly prepared. 
enemere it was observed that this addition of acid to 
methanol solutions of MnB(C10,) 5 resulted in significant 
acid hydrolysis of the complex, as evidenced by the slow 
increase with time of the nmr line broadening at higher 
temperatures, and by the eventual appearance of free Schiff 
base ligand in the nmr samples. To prevent this, freshly 
prepared samples were immediately cooled to -64° ina 
chloroform sludge and kept there between measurements. By 
taking this precaution it was possible to obtain repro- 
ducible results from several samples. 

Much of the data for Nicr?* and NiCRMe** was obtained 


using tetrafluoroborate or hexafluorophosphate salts. Due 
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to a concern over possible anion or fluoride ion effects 
on the magnetic susceptibility and nmr line broadening 
data, some of this data was checked against that of the 


perchlorate salt. For instance, the results from both the 


ay and cnkey a Salts OL NicR?* an DMF were adentical within 


experimental error and similarly the results using the 


Bes 


2 and C10, salts of NicR** in water were in agreement. 
In the NiCR(BF,),-methanol study the poor solubility of 
the C10,_ salt prevented a similar comparison but it was 
found that both the nitrate and hexafluoroantimonate salts 
gave the same results. 

Magnetic susceptibility measurements were made ne 
Evan's nmr method?! using precision made co-axial tubes 
(Wilmad Glass Co.). Solutions containing the paramagnetic 
complex along with ~5 vol % internal standard were added 
under vacuum to the inner tube and the pure solvent plus 
the internal standard were placed in the outer co-axial 
tube. Only the inner tube was sealed off. Whenever 
possible, the concentration of the complex was adjusted to 
give susceptibility shifts between the two internal stan- 
GaGa. DedkSeOtru2 yatLOe/ Jai 2 

In all DMF and methanol nmr and susceptibility samples 
cyclopentane (Aldrich) was used as the internal standard. 
Tetramethylsilane (TMS) or methoxybenzene (Matheson, 


Coleman and Bell) were used for dimethylsulfoxide (DMSO) 


and acetonitrile samples. For aqueous solutions t-butanol 
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(Matheson, Coleman and Bell), sodium 3-trimethylsilyl-1l- 
propane sulfonate (DSS) (Eastman Organic Chemicals) or 


reagent’ acetone were used. 


ll. Instrumentation 

The pmr spectra were recorded on Varian Associates 
A56/60 and HA-100 spectrometers equipped with model 4343 
temperature control units. Temperatures were determined 
by a comparison of the peak to peak separation of pure 
methanol or ethylene glycol samples with calibration 
charts published by Varian Associates. Temperatures on 
the HA-100 spectrometer were measured by means of a 
copper-constantan thermocouple. In all cases the temp- 
erature was measured prior to a spectral run. Occasionally 
the temperature was remeasured after the determination of 
amsSpectsum and wase Lound’ to bevconstant, tor+0.5°Ce About 
3-5 minutes was allowed for temperature equilibration in 
the nmr sample. The normal precautions were taken to 
prevent signal saturation and to ensure proper phasing. 
Linewidth measurements were reproducible on both instru- 
ments to £1 Hz. 

EPR spectra were determined for Mn (DMPrPor)C10, and 


MnB (C10 in methanol, Co(trans[14]diene) (BF), in ace- 


4) 2 
“Omer ct le sand CoCR(C10,), in DME in order to obtain an 


estimate of Tie? These were obtained at X-band 


(~9000 MHz) on a Varian A-4502 EPR spectrometer. The 
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author wishes to thank Mr. G. Bigam and Mr. G. Miller for 
obtaining the epr spectra. 

Electronic spectra were measured on a Cary 14 
Spectrophotometer and infrared spectra on a Perkin Elmer 


model 421 spectrophotometer. 
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CHAPTER III: NUCLEAR MAGNETIC RESONANCE LINE BROADENING 
AND CHEMICAL SHIFT STUDIES OF PARAMAGNETIC 


SCHIFF BASE AND PORPHYRIN COMPLEXES 


1. Solvent Proton NMR Line Broadening and Chemical shift 
Study of Manganese(III) Protoporphyrin(IxX) Dimethyl Ester 
in Methanol and N,N-dimethylformamide 

The biological importance of metal porphyrin complexes 
is generally well recognized, and in the particular case 
of manganese, these compounds are believed to play a role 


POA gs Despite its importance, no in- 


in photosynthesis. 
formation is available on the reaction rates of manganese 
porphyrins although kinetic studies of the rates of 
substrate binding to the more inert cobalt(III) and 


43 Since a 


iron(III) hematoporphyrins have been reported. 
knowledge of the solvent exchange rate from the first co- 
ordination sphere of a metal ion is useful in establishing 
the general lability and mechanism of complexation to the 


aa a study of the solvent exchange rates from 


metal ion, 
manganese(III) protoporphyrin(IX) dimethyl ester, 
Mn(DMPrPor)*, was undertaken. This complex is shown as 
SEGUCtuUGe Viein tnesintcouuction sto this thesis. 

The results of this study also provide further in- 
formation on the dependence of the solvent exchange rates 
fi 


on various metal ions. The manganese(III) in Mn(DMPrPor) 


is a high-spin a’ ion and the exchange rates can be com- 
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pared to those of ferriprotoporphyrin (IX) ,° which contains 
high-spin a iron(III), in order to determine the importance 
tks crystal-field effects ina a4 system. 

Due to the low solubility and possible polymerization 
GE Mn (DMPrPor)* in aqueous solution, this solvent exchange 
study was restricted to the nonaqueous solvents, methanol 
and N,N-dimethylformamide (DMF). However, since a number 
of different metal ions have been studied in methanol, 
DMF, and water, the results of this study can be used to 
infer the approximate water exchange rate on Mn (DMPxrPor)*. 

The nmr measurements were made on solutions of 
Mn (DMPrPor)C1l0, prepared in sttu from Mn (DMPrPor)C1*OH, as 
described in the experimental section. 

The temperature dependence of ere ia and AW opsa/ Pom 
for the hydroxy and methyl protons in the Mn (DMPrPor) *- 
methanol system are shown in Figures 2 and 3, respectively, 
while similar plots for the formyl and high field methyl 
protons in the Mn (DMPrPor) *—DMF study are enone in Figures 
4 and 5. Since for DMF solutions of Mn (DMPrPor) * the 
Overlap of the two DMF methyl resonances was considerable 
at low temperatures for the complex concentrations em- 
ployed, the individual line widths were resolved by a 
computer fit of the absorption intensities to the sum of 
two Lorentzians. Only the results for the broader high 
field methyl resonance are given. Preliminary analysis 


of the line broadening results in these systems indicated 
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Figure 3: Temperature dependence of (AW psa’ Pm) at 
60 MHz for the hydroxy and methyl protons 


in methanol solutions of Mn (DMPrPor)ClO,. 
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that either (ae) a4 or Gos was always greater than Awys « 
The absence of a frequency dependence and the low activa- 
tion energy of the line broadening in the high temperature 


region, where (rs Soe) ae Mseincependent OGe1 wr sea further 


mM! 
Pontinmacion  tthat Limiting condi ttons 26 (a) ftor26 (Cc) 

(Case B) apply. However, for Mn (DMPxPor) * in DMP 7 no cuter 
sphere line broadening region is observed since inner 
Sphere solvent exchange broadening is very significant at 
the lowest temperature at which measurements could be 

made. 


Wrenethe Limi ting #cOnd1ul1ons 26 (a) to -26(C),.eq 2 


reduces to 
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(28) 
Mean (7 ere 
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by 
sumed that n has a value of two for Mn (DMPrPor)*. 


Mn (DMPrPor)* in Methanol 


Considering the behaviour of -log(T LeLot 


2p PM 
+, : spew A ; 
Mn (DMPrPor)» in methanol, shown in Figure «2, it,is readily 


seen that in the high temperature region (1/T < 4 x ies ke), 


eet 


es (T and therefore (T is controlled 


=i) 
2m) 2p? m) 


ms, As the temperature decreases ea becomes 
-1 =e il 
) 2pPm) mM) 


“ becomes the largest term in this equation 


smaller than (Tou , honda CT 1S controlledabyat 


Binalbly, (To) 
as shown by the bending at low temperatures. 

APECESthe ssubStELtecucion, Of eq .9 7.20; band -24.forethe 
terms in eq 27 a least-squares fit of the (Taee eg data 
was obtained for both the OH and CH, DrOLOnS  welnt eta. 

0! Ey and Eo were obtained from 


emorapn ical atin. It 2s nothditiicultatolobtain angexcel= 


guesses for AHT, Ast, C GC 


M’ 


lent fit of both sets of data to this six-parameter equa- 
tion. Therefore, some discretion must be used in evaluat- 
ing the resulting parameters, and it is of value to fix 
certain of them and examine the effect on the others. Both 


the OH and CH, data were tested to the assumption Eu = E 


3, O 


andseaifiteof»~the CH.,data.to, the. kinetic iparameters,ob- 


3 
tained from a fit of the OH data was undertaken. -A summary 


of the various least-squares fits is given in Table III. 


It is apparent from Figure 2 that tT, is important 


for the CH, data over a relatively narrow temperature 
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range, and that it is never well resolved from (7...) ~ and 


(ea 


2M 
Too Therefore, little confidence is attached to the 
aut and ast values obtained from the six-parameter fit D 
of the CH, data. However, a comparison of fits B and F 
shows that the Aut and ast Obtained Eromrrit Seon etnies OH 
data are completely consistent with the data for the CH, 
PEOtCOnNsS.§ Except Lor the parameters from fit Dy ail of the 
fits show general agreement of the various parameters and 
it is concluded that Aut and ast ane. 70.) OsoeKcal mo1 + 
anon 38 5 call mol deg t, respectively. The curves in 
Figure 2 correspond to fits B and F. 

A qualitative analysis of the downfield chemical 
Srrtcs for thesOH and CH, protons, shown in Figure 3, 
shows that in the high temperature region where rae >> 
(ah) ie AW psd = ~PyAoy: Therefore, the temperature 


dependence of Aw, is described by eq 1l. As the tempera- 


bsd 
ture is decreased the term, Ty/ Tous in eq 28, becomes 
significant with respect to one and the shifts drop off 
rapidly. These observed chemical shifts were fitted to 

eq 28 after making the necessary substitutions from eq 9, 
il and 20.- Since the frequency shifts are small and there- 
fore inaccurate, no attempt was made to determine AuT and 
ast independently from the shift data. However, the chem- 
ical shift results are completely consistent with the Aut 


and ast from fit B aS can be seen by a comparison of the 


calculated curve and data points in Figure 3. Only Ch was 
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allowed to vary in evaluating this curve. The best-fit 


Bab Gerson) Se ah 


il 


values of S at 60 MHz are: Cy (OH) 


rad seca eheananc ame) oo ed) 5. 10° rad sec 
w (CH) 


18 Uore is taken as 5.03 BM, as determined by the magnetic 


NS 


susceptibility measurements, then from eq 10 (A/D) on = 


POD cn 0 Gir advccc bce and Een = 2.07 x 10 ar adisec ie: 
3 


Mn (DMPrPor)* in N,N-dimethylformamide 
The line width and frequency shift data for Mn (DMPrPor) * 


in DMF were treated in a manner analogous to that employed 
for the Mn (DMPrPor)~ in methanol data, discussed above. 

It should be noted by a comparison of Figures 2 and 4 that 
the only qualitative difference between the two systems is 


the absence of a (T ae line broadening region for 


20 
Mn (DMPrPor)* in DMF and also an absence of Significant 
chemical exchange controlled effects on the high field 
methyl resonance of DMF. 

The results of various least-squares fits of the 
formyl proton tie ee data to eq 27 are summarized as 
fits A-E in Table IV, and they represent a good illustration 
Of the ambiguity which can arise if the outer apnere con— 
tribution to the observed line broadening cannot be extra- 
polated from an observed ia controlled region. Fits 
A through C show the extreme sensitivity of aut and ast to 
the various assumptions regarding (Tatas for the sCH 


proton. Fit C is certainly not reasonable since some outer 
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Sphere contribution must exist, but this fit demonstrates 
the maximum effect on aut and Ast. If it is assumed’ that 
‘both inner and outer Sphere nuclear relaxation are due to 
dipolar interactions, then the inner and outer sphere 
interaction distances of 3.14 and Say ave. respectively, for 


44 


vor™ ion in DMF can be used in eq 23 and the first term 


of eq 13 to estimate the relative magnitude of the outer 


sphere contribution. From the Gy ets dee ratio a 
Wells eben cis tnde sect was calculated for Co assuming that 
eee eG eer anc Chiat ot. es 09 sec *. This value was used in 


M O M 
met DD. As expected,” the aut and ast values fall between 


Enose forertrts A™and C. = However, this calculation of Co is 
too approximate to allow it to be used with any great con- 
fidence. 

In order to determine which of the fits of the formyl 
proton data is most reasonable, fits of the high field 


MecnyeeprOcon (TL " data were undertaken. It is ob- 


opPy) 
vious, however, that the CH, proton measurements cannot 
yield an independent measure of the solvent exchange para- 
meters. Fits F - J of Table IV represent the various at- 
Penpes COP OuULain ad GOoUrLitwoOretiic CH, proton data by 
means of kinetic parameters which would be consistent with 
Mav ene Off ticetits A, SB eOLreD Of the: CH proton dataa. It 
was observed that the Aut and ast values obtained from 


fit D of the CH proton data are not acceptable in view of 


the anomaly, ic acl > (Co) aye inenoduced Dyntit tain. 
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ih i 


However, the values of 10.5 kcal mol ~ and 12.4 cal mol 


deg obtained» by, fit, A.for aut and Ast, respectively, 


were found to be consistent with the CH, proton data if it 


3 


Tseassumedathatetorsthes latter Co x Cyr It should be noted 


that the analysis of both the CH and CH, proton measure- 


ments yields essentially the same value for Eu = Ey since 


the small differences indicated in Table IV are not judged 
to be significant. 

The Aoeeietd Chemica leshittsefom, the CH and CH, protons 
are shown in Figure 5. These were fitted to eq 28 using 
EhempataMelers Tron eLS Avand-=H form. theeCH and CH, proton 


data, respectively. Only Ci was allowed to vary. The 


values obtained were: (C day =a Oe oO, Ona On ce 10° rad sec 


_ 6 ai . 
and Co) cH, =e Oi ges BOP OC exe Ome ACO CHeNN: Kaw LL i: Here 18 
taken as 5.03 BM, then (A/fi),,, = 8-15 x ie sag gaa! 


(A/K) = 5 Die xed Deeradasecie. 
cH, 


and 


The values of the least-squares fit parameters defining 


(Redban and [re aya for the OH and CH, protons of methanol 


and the CH and high £ield CH> protons of DMF can, in prin- 


3 
ciple, be used to estimate either the interaction distances 
for the dipolar broadening or the correlation times con- 
Probling the relaxation process, 1f one Or, ehe other or 
these is known. In this regard, the values of r; and dy 
ciastiGl FS ee eS yal wert cH,0H*> systems 


should permit an estimation of the correlation times if the 


extent of the hyperfine interactions can be assessed. This, 
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of course, assumes that these interaction distances are ap- 
Baacable {tothe nonspherically symmetric solvated 
Mn (DMPrPor)* complex. 

For Mn (DMPrPor)~ in methanol and DMF, at the magnetic 
field used in this study, the expressions for the effective 
dipolar and electronic correlation times, given as eq 14 


and 15, can be further simplified since w >> 1 and 


2. 2 
Saez 
-l 


eT? 


W >> 1, to a good approximation. Therefore, the 


(To) and [ine expressions shown as eq 13 and 23 can 


be reduced to: 


16 2 
leet 5 aos Ome S(SeL) ity a 
i ee aap Saris Reema D1 +5 ©) Sic eal ry ee (25) 
<r. > 
Se 28 Os: Toe accu D) oe 's] 
(T55) 0 = (30) 
2 3 n 
d 
@) 


where all the symbols have been previously defined. 
C -1 = 
Attempts to rationalize the observed (To) and (T55) it 
contributions in terms of reasonable values for the unknown 


quantities, Thy: Ties rs and do in eq 29 and 30, were only 


partially successful. 


For Mn (DMPrPor)* inemetnanol at. 2o.G, er for the 
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Al us 


a = 8.56 


EospectuiVelyae jhe ato (Tm (oH)? 72M (CH)? 


obtained here, aS compared to a value of ~5 for cobalt (IZ) ** 


and nickel (11) 7° ions in methanol, where dipolar interac- 
tions are responsible for essentially all of the inner 
sphere broadening, suggests that there is»a significant 


hyvpent ines contributions tosdT 1 LOK Mn (DMPrPor) * in 


2M (OH)) 


methanol. Reasonable estimates of the dipolar correlation 


time (Thy)s obtained from the observed outer sphere broad- 


ening contributions of 1.01 x 107 sec’? and 5.99 x 10° 


sec + for the OH and CH, protons, respectively, also indi- 


cate that inner sphere hyperfine interactions are very 


important. For instance the (55) : conti butionssate2>°C 


Sane boracCcounteds Lor) inwtercms Of a-cocrelation timnesor 


TAAL 


os ° ° 
Bee xe 0 sec and values of 4.0A and 4.76A ford and 


o (OH) 
qo (cH y? respectively. The good agreement of these values 
3 


with those obtained for your LON in methanol” is encourag- 
ing. However, using the above dipolar correlation time and 


° 
the inner sphere interaction distances: = 2.95A and 
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Ti (OH) 
° 
= 3.90A, one would predict relatively small 


= Ofues. ax 104 Socks and 


eich.) 
apolar *contraibutionsgtom(T 
1h 


2m) 


Doepes 103 sec formtihe QOH and CH protons, respectively. 


In order for the hyperfine interaction to account for the 
a8) 


~ 


remaining broadening, a value of Doh 10 sec is re- 
quired, as was shown by a calculation employing the second 
term of eq 29 and the values of the hyperfine coupling con- 


stants obtained from the measured chemical shifts. However, 
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from the broad epr spectrum of Mn (DMPrPor) * in methanol 
10 


aevalue. ofit~ 10! sec was estimated for Too: Although it 
is expected that Tie > Toor the large difference required 
here appears to be unusual. It should be noted, however, 


that the estimated Toa given above, may be too short due 
to the unresolved hyperfine coupling in the epr spectrum. 


For the Mn (DMPrPor) *—DMF system a value of 6.46 is 


obtained for the ratio, ( in agree- 
Tog a 
in 


= —1 
Tom (CH) ) (To (CH)? ; 
Ment with (Matwivyoftf tsiresulitt’ of '~6..i5 sfor Co(DMF) 
47 


6 


DMF This implies that perhaps for Mn (DMPrPor) * in DMF 


am) 


A comparison of the hyperfine coupling constants for the 


the hyperfine contribution to (T LSt NOt Msi ona ecane. 


OH proton of methanol and the CH proton of DMF, obtained 
from the chemical shift studies, shows that the ratio, 
(A/A) oy? (AZAD ony x 5, is also consistent with a much 
smaller hyperfine rs ie term in the DMF system. 

As expected, calculations assuming only dipolar broadening 
were more successful. Using the (Ta parameters from 


fe} 
PeeAeoOfethexChiprotom datasand agvalue Of M5/ 5A, for 


Jad 


(cla) 4 a value of 6.97 x 10° sec was calculated for 


Chi. 
using eq 30. Then, on the basis of the corresponding 


ye parameters which give Cee ai = 2.40 -X Tor sec + at 


1E 


(Tom 
fe} 
ZoeC, a value of 3.53A was obtained’ for (C5) aye Thaisiis 


2 2 
to be compared with the value of 3.1A found for VO in 
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D1 


° 
DMF. For the high field CH, protons rj; is 4.8A, in 


° 
agreement with the estimate of 4.7A given in ref 47 for 
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2k. ane 
Co (DMF) ¢ Ln DOMES smrvarly, was calculated to 


Fo (CH). 


fe] 
be 5.9A but this number should be viewed with some sus- 


picion since the assumption that Co = Cy was made in 


Licting the CH, proton ycata. 


In the absence of-a good estimate for Tie ye. Topyeee sient 


cult to determine the exact significance of the dipolar 
correlation time obtained in these calculations for 

Mn (DMPrPor)* in DMF. The reasonable agreement of the 
Gap ae acCLIVatlon energy Ae. 3 kcal mol +) with the value 


Sims. 3 Koa lk moles expected for DMF viscosity suggests 


= ob 


that Toy = Bn iA bie ANG) sec might be the rotational tumbling 


Eamerrlor Mn (DMPrPor)*. However, Since this value is a 


Pe COriG Ee 1 Giamaliere than lols. s0 lon -o Sec, obtained in 


ref 44 for vort 10n an DMF, it) 1s possible that both Tie 


and T, are contributing to ToL: If this is the case, then 


aneestimatesor 1.15 >x ine 


10 


sec Tor ie yields a value of 
ie oe x. LO sec for Tie? 
The kinetic results of these two studies will be dis- 


cussed and compared to those of other systems in 


Ghapter IV. 
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2. Solvent Proton NMR Line Broadening Study of the 
Manganese(II) Schiff Base Complex, MnB(C10,) 5, in Methanol, 
N,N-dimethylformamide and Water. 

BSE partrOt anvinvestagatlousor, the effects oreschittL 
base ligands on the lability of solvent molecules coordin- 
ated to a tetragonally distorted metal ion complex, the 
manganese (II) Schiff base complex, 2,13-dimethy1-3,6,9,12,18- 
pentaazabicyclo[12.3.l]octadeca-1(18),2,12,14,16-pentaene- 
manganese (II) perchlorate, referred to as MnB(C10,)5, was 
studied. The inferred structure of this complex is shown 
in the introduction to this thesis. 
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X-ray studies have established that the monomeric 


BLO lL complex Ofte Ligands.c:, FeB(NCS)5C10,, has a 
pentagonal-bipyramidal structure with the five donor 
nitrogen atoms and the iron atom being nearly coplanar. 
Aithough a Similar study on any of the salts of the ana- 
logous manganese(II) complex has not been reported, con- 
ductiometric and pH measurements on MnBC1,~~ have been 
found to be consistent with seven-coordinate manganese (II). 
It is assumed in the present investigation that mnB-t also 
has this seven-coordinate geometry in the solvents N,N- 
dimethylformamide, water and methanol throughout the range 
of temperatures studied. 


Previous work? 


has shown that MnBCl., contains high- 
Spin a? manganese. Magnetic susceptibility measurements, 


given in Table XXXII, on an aqueous solution of MnB(C10,). 
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further substantiate this result. Thus, the solvent ex- 
cnancerresults-obtained for MnB?* can be compared with 
those for the normal high-spin octahedral manganese(II) ion 


ian Shel -sayak 49 ai 


in water methanol and DMP” in order to determine 


the effect of the macrocyclic B ligand on the solvent ex- 


change rates. It is also of interest to compare the 
results for mnp?* with those of a related study”? in which 
16%) 


the effect of the o-phenanthroline ligand on the OH, 
exchange rates of Mn (phen) (H,0) ,°* and Mn (phen) 5 (H,0) 4°" 
was examined. This latter study was confined to the 
aqueous systems for which only a small rate enhancement 
was observed. 

In this investigation, line width measurements were 
made at 60 and 100 MHz since a consideration of some of 


Beene on manganese(II) ion has shown 


the earlier studies 
that an interpretation of the results obtained at a single 


frequency is very often equivocal. 


MnB (C1O in N,N-dimethylformamide 


4) 
The temperature dependencies of ~log (T5,Py) at 60 and 

HOQ0 MHZ for the formyl proton of DMF solutions of MnB (C10,) 5 

are shown in Figure 6. Measurements of (T RES) es were 

also made at 60 MHz on the broader, high field methyl proton 

resonance and these-are also shown in Figure 6. Signifi- 

cant overlap of the two CH, resonances was avoided by using 


dilute solutions. Small downfield chemical shifts of the 


formyl proton signal were observed in this study. These 
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Figure 7: Temperature dependence of (AW psa/Pm) for the 


formyl proton of N,N-dimethylformamide solutions 
of MnB(C1l0,), at 60 MHz. 
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chemical shifts were of value in estimating (A/f) and 


645 i 
therefore, a plot of (Aw) 54/Py) against git is given in 


Figure 7. 


Qualitatively, the variation of (T, 1 with temp- 


pPm) 
erature for MnB(C10,), in DMF is analogous to that pre- 


viously observed for Mn (DMPrPor)* ingmethanol fag rhariac, 


as the temperature is progressively lowered, (TegP, dip 


: ; —] ail oJ 
is controlled successively by (Tou) . (Try) and (T55) 


according to eq 27. It is apparent, from Figure 6, however, 
moat in wontrast&to the (Tas )iae results for Mn (DMPrPor)‘, 
a small magnetic field dependence exists in only the Uli 
controlled line broadening region for MnB(C10,) 5 in DMF. 
The differences (~14%) in the 100 MHz and 60 MHz linewidths 
for the same solutions were reproducible and greater than 
the experimental error of the measurements. This field 


FAA Se 


dependence of (Tie has been attributed to a hyper- 


PENeACONETTDUGLONGto tr ve for which the correlation time 


2M 
is a magnetic field dependent electron spin relaxation 
time (see eq 29). The 100 MHz measurements shown in 
Figure 6 are included only to demonstrate, qualitatively, 
that the hyperfine contribution to the total (Ts. must 
be relatively:small for the CH proton of DMF, a facts which 
is not true for the OH proton of methanol and water in the 


MnB (C10 -methanol and MnB (C10,) .—water systems, discussed 


4) 2 
in the following sections. Presumably, the DMF methyl 


proton data should be magnetic field dependent also, but 
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Since it is expected that (AAD) on < (A/D) ans 
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dependence would not be experimentally detectable. 
A preliminary graphical analysis of the (TDs) te 
datastou.tne CH proton ,maccordang toweq,.27, kiandicated that 


the activation energies, E,, and Eo: were very nearly equal, 


M 
as would be required if (rela is primarily controlled by 
the dipolar mechanism which accounts for the outer sphere 
broadening. As a result of this observation, the CH proton 
line broadening data were initially fitted to eq 27 with 
E,, = E,. The resulting least-squares parameters are sum- 
marized as fit A in Table V. The value of 13.1 kcal moi + 
obtamedsin thishfitator, Aut is considered to be unusually 
large for a manganese(II) complex. In view of the ab- 
sence ofverystalifireldtcontributions to aut iia a? system, 
aut values in the range 8 to 10 kcal moi? are usually 
observed for solvent exchange on manganese(II). Asa 
result of this anomaly, an alternative six-parameter fit 
(fit B) was attempted in which no restraints were placed 
on E5- A comparison of the kinetic parameters from fits 

A and B indicates that Aut and Ast are extremely sensitive 
to the outer sphere activation energy, which can be any- 
whereminethemranges2.745toms.3c5 kcal mol-+ for this data, 
without affecting the quality of the resultant fit. This 
is quite understandable since the data shows that nee < 
ine) as only over a narrow temperature range in which 
Cae: contributes significantly. Fit B also shows that 
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the data are consistent with lower values of Aut and ast 


than indicated by fit A, but the value of Eqe= Bi Ooeca L 
moi appears to be slightly large, since the (Tee ye 


Sontatbutaongatl25s 7Gatroms £1 cen (Ey =n .75¢tkeal moln~ 


aris 
much more consistent with an outer sphere interaction dis- 


tance and a rotational correlation time obtained for the 


vo~*-pMF system. 7" ASoOvemivailue Of e2.75ekcal mo1 + for 


Eo is in better agreement with the activation energy for 


viscosity of DMF. Therefore, there is no apparent justi- 


fication fory ther higher. value! of EB. obtainedsin’f£iti B and 


O 


a value of 2.75 kcal-mol7! was used in subsequent fits. 
The problem of the unusually large aut and ast encountered 


here also appears to be one of resolving aut from ast, 


Since several additional fits of the CH proton [DERE bar 
al 


data, in which Eg was held constant at 2.75 kcal mole 


have shown that the data can be fitted equally well with 


ak 


AHT and ast being as#lowlass11¢5ikcal) mol. -Aande9%9) cal 


poluadeyses respectively (see fit D). The use of a 


Aut Jessathan ieorkcal nelea would require the unacceptable 


BesulLticnat Eu be greater than Eo = 2. /5¢ kcak mol, 


are foreseeable in the event of sSignifi- 
aol 
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Values of Eu < Eo 


cant hyperfine contributions to (T p- but’ for dipolar 
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Unfortunately, the CH, mEoOLone (T a data, which 


2pm 
shows negligible exchange effects, and the formyl proton 
chemical shifts, which are very small, are of little help 
in deciding on the most self-consistent set of parameters. 
it is therefore concluded that for this system Aut and ast 
cannot be too accurately determined. All of the fits in 


Table V are consistent with a Ant = 124. nO: Dakcad. rateul re 


laeg t, 


and a ast = 134.5: tu3 JoeCal. eno lm 
The calculated curve shown in Figure 6 is based on 
the parameters from fit D, but as discussed above, all 
calculated curves from either of the fits A-D are within 
the experimental error of the data points. In the case of 


the methyl (T : data the curve shown in the figure has 


opPm) 
been calculated from fit G in which the parameters aut, 
Ast, Ey = Eo were held constant at the values given by 
ELeaeDaaeiowever; strom the quality-of ethils-fitei tecanionly 
be concluded that the values of the fixed parameters used 
are at least not inconsistent with the CH, proton data. 
From the observed downfield CH proton chemical shifts 


6 rad Lipsy was 


shown inarigqgure 7 ,sanvaluesgor 37) «110 
estimated for Cy at 60 MHz. This gives a hyperfine coupling 
constant of 5.5 x 10° rad sec + it es Ss) IL Ei Ste alle) 
mu 1c shoulda be noted that this: (A/mm) is only Gt Limited 
accuracy since the observed shifts were very small. The 


curve shown was calculated using the above value of Co 


and the parameters from fit D. 
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by thesparameters in fib) Deot table V;"can* be interpreted 
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and sr 


-1 
The values of (Tou) cH 
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in terms of hyperfine and dipolar contributions to (T 


=> il 
x0) 


3 
sumed to be 5.75 et then a dipolar correlation jtime of 
10 


2M 


snNawOnLy C1 pOlar (COnLELOUCLONS tO si) ae oes is as- 


deo? oxo 0 wy sec accounts for the outer sphere formyl 


prOocon  DEGadening COnUrIbuGion=or. 2.10 Moe SEP Pe This 
correlation time can be interpreted as the rotational 


tumbling time Lo) of MnB (DMF), (C10,) 5 Sincesd Glas sin 


reasonable agreement with the Ty aSLIL(Ss feye Ah iiey oi TO tan sec 
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found for the vanadyl ion in DMF. In the case of the 


Bee” broadening, the hyperfine term was 
3 =i 


estimated to be 8.8 x 10° sec from the measured value 


inner sphere ( 


oR TEVA a = oeee 10° rad sect ana assuming that T), = 


8 


iO x LOu sec, the value found tor Mineo in methanol (see 


subsequent section). The inner sphere dipolar contribution 


ae Soest Shes) ee Wo ally oe aie secet, consistent 


: 2 7 -10 
with (Cs )on = 4.0 A and (GA Te AIP bigs AAD) sec. For the 
high field CH, protons, Gee) and (d,) were found to be 
° ° 
BeoeA andso.seaA, cCespeccivoly, 1c 1alleot ‘thevobserved 


broadening is assumed to be due to dipolar interactions. 


MnB(C10,) 4 in Water 
The ener a data at 60 and 100 MHz for aqueous solu-— 


tions of MnB(C10,)., are shown in Figure 8. Small downfield 


chemical shifts were observed for the water proton resonance 
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TABLE VI 


Least-squares best fit parameters of the (25 Bs) a 


data for MnB(C10,) >. mo Waren. 


Temperature dependence used for T 


le 
eq) ooza equls 
100 MHz 60 MHz 100 MHz 60 MHz 
A B (ey D E 
+ —j 
et Sa 8.47 TGC 8.39 BEGG 8.69 
Petes Meio tdeg 5 57 0.01 4.09 Se) als 
Eq, keal mode 2 = 3.90 'P? 3,90) 3.99 
E,, kcal ei Aan 3.64 °9) = us - 
1ott x De fisec 3.88 2.01 is ie = 
e 
Os x a aa o es 1.08 1.32 1.08 
fom? x OM BeCms ke e 3.89 ae At 2.89 
(a) Held constant at the value indicated by 100 MHz fit A. 


(b) 
(c) 


© were all unrestrained, the 
1 0.01 cal mo172 
deg1, 3.0 kcal mol7+ and 6.07 x 10711 sec, respectively. 


When AH!, AS’, ES and Ite 


values obtained were 7.73 kcal mol > 


Held constant at the value given in ref 22. 


Held constant at the value indicated by 100 MHz fit C. 
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and these are given in Figure 9. Only the chemical shifts 


in the fast exchange limit were large enough to be re- 


producible and therefore only these are shown in the figure. 


A comparison of the temperature dependence of (T 
observed here with that for MnB(C10,) 5 in DMF, discussed 
previously, reveals several interesting differences, the 
most obvious of which is the high activation energy char- 
acteristic of a chemical exchange process at high tempera- 
tures. Furthermore, the data at the lowest temperatures 
is only beginning to bend over into a ty controlled 
region. As in the case of MnB(C10,) 5 in DMF, a magnetic 


field dependent (T me is observed but the effect is 


2p M 
much greater here. 

The manner in which the 60 and 100 MHz (nba ea data 
converge at high temperatures appears to suggest that for 
this system the frequency dependence results because of 
Pimutang condition 25 (b) for which [eee ai = Tyg hag 
However, a preliminary fit of the data to the complete 
aes) equation, shown as eq 2, indicated that, although 
BEeSAtLiIstactory fit of the data could be obtained, the 
Required coupling constant would have to be at least an 
order of magnitude greater than the value calculated from 
the observed chemical shifts. Therefore, it was concluded 
that a Aw vy relaxation process will not account for the 


observed results. Instead, Any eal is controlled by a 


Tom mechanism with limiting conditions 26(a) and 26 (b) 
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(Case B) applying in the high and low temperature regions, 


respectively. However, this system is somewhat different 


from the previously discussed Case B systems (MnB?* in DMF 


and Mn (DMPrPor)* in DMF and methanol) in that the con- 


trolling correlation time for the hyperfine contribution to 


oa is the solvent exchange rate. This type of be- 


haviour has been observed previously for manganese(II) ion 


eee 52 


in water and ammonia and for mono and bis phenan- 


throline complexes in water.>? Except for the study re- 
ported in ref 22, the field dependence of Gur observed 
Here, had not been investigated in the above systems. 

Since it will be shown that the neglect of the dipolar 


contribution is not completely justified for this system, 


eq 13, which represents the sum of the dipolar iene 


ue 


and hyperfine ((T hae) Contrabutlons ston tT!) sae perins ts 


2M" HE 2M 


equz/ to be expressed as 


sit —l it eb 

= ~1 oie Sree ee 1 

ieee.) T woe eas) 

2PM M 20 

es UL UN nce ten oe he 
™M 2M’DD' ~HF‘'M le 

(31) 

where Cup represents ENemcONe tant (A/n) “8 (Ss + 1l)73. “the eL— 


fective correlation time for the hyperfine interaction, 
coc + aT aoe ake obtained from eq 15 and the definition 
2 2 


of Seal given by eq 16, if it is assumed that o, os, eae lee 


This assumption is a very reasonable one for a manganese (IT) 
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system at the operating frequencies dealt with here. 
ff it is”assumed;, for’the sake of Simplacity,* that 


Ton is determined solely by hyperfine interactions, then, 


neglecting the Cie yey term, eq 31 reduces to the form 
eS yes af Pe. Pt tie (32) 
2PM =] | zs 
Ty + Cop (ty ETse 
in terms of which the temperature dependence of Gh oe 


shown in Figure 8, can be qualitatively most readily under- 


Stood. Thus, at low temperatures when exchange is slow, 
ae, Ve > PUSS, and the raté “of electron spin relaxation 
modulates the hyperfine interactions whereas at high temp- 


=k gee 
eratures, Ty > Tie - 


Ps the dominant’ correlation time for (T 


and the rate of chemical exchange 


-1L P 
ou? . A considera- 


tion of Figure 8 clearly shows that most of the data falls 


in the region between the above limiting conditions, for 
which both tT es anda tea contribute significantly. There- 


M i 
fore, at the highest temperature the frequency dependence 
Of Tie does not completely vanish. It should also be ob- 
served that, since there is only a slight bend in the data 


at low temperature, T,, never becomes very significant 


M 

Telative “to ythe second term in the denominator “of eq “32. 
Before the data of Figure 8 can be “subjected to a 

curve-fitting process, it is necessary to estimate the 


relative importance of the frequency independent dipolar 


Gouceibution to the’ total Ub Adis and also the approximate 
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) aS Assuming the reasonable estimates 


20 
eee Pe Ny A, 4.65 ne “REN 1011 sec for Ley da and ae 


magnitude of (T 


respectively, then from eg 13.and.23.the,inner- and outer 


sphere dipolar contributions to Up ae ee pasyes wevigiey 10. Saba 


Pi Ooe ec iseands0n2o4ny alc. Se cuae respectively. Since 
the observed values of Top Pa) — at this temperature are 
5 =alt 2 oa 


4,45 110% esec andes LO sec EME MORON vokatan Hubber amls 
respectively, the inner sphere dipolar contribution to 
given above, contributes 16% at 60 MHz and 10% at 


) re ye contribution 


-1 
ae 7 
LOOM MizZeton.(T 


Bs 


ALeEnOughethe scr 


22 Pu 20 


is very much smaller, it was included for the sake of 
completeness. The temperature dependence of the dipolar 
a terms was assumed to be given by eq 


20 and 24, respectively. A value of 3.9 kcal mol +, cor- 


Cu 


Besponding toAthe activyation,energy.for.the viscositysot 


water, was assumed for Eu = Eo and the constants Cur and Co 


were calculated from the above dipolar estimates of (T y7i 


-1 
and (T, 5) 2 


2M 


It is also necessary to obtain an independent measure- 
ment of either the hyperfine coupling constant (A/f), or 
ae and its temperature dependence, before the data can be 
meaningfully fitted to eq 31. In the present case, a 
fairly good estimate of A/h could be obtained from the 
observed chemical shifts. Although the chemical shifts, 
shown in Figure 9, were small, both the 60 and 100 MHz 
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measurements are consistent with a value ~3.9 x 10° rad 
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sec + for Afi, calculated from the estimated values of C., 
and Hearcenut 5.9 BM by means of eq 10. The Curie temperature 
dependence of the observed high temperature shifts is shown 
in Figure 9. The above value of A/fA was used to calculate 


‘¢ which was held constant in all nonlinear least-squares 


HF 


Bico.Of the. (1 - data to eq 31. 


2p?) 
Finally, in regards to the temperature dependence of 


Tie in eq 31, two approaches were used and compared as to 


Piel eesuLvabllity .ingiiltting ethe (een datass Lnatne 


one instance, the temperature dependence of Tie was as- 


sumed to be given simply by 
re) 
exp (E_ /RT) (33=4)) 


where Dave and EL are constants. It should be noted from 


eq 18 that, Since a frequency dependent Te is observed for 


this manganese(II) complex, (wot,)? 7 Lee BoC tON 3.3: (a ) 


will «therefore be. applicable only in the, event ,that 
(wot .)* > 1. Alternatively, the complete expression for 


c given as eq 18, was used in eq 31. The temperature 


le’ 


dependence of T, in eq 18 was taken to be 


st 
H} 
qa 


° exp (E,/RT) (33-b) 


where Ey WaseHelcuconstoib abide LUC Ou sotto eGo roa 


given in ref 22. 
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Computed nonlinear least-squares fits of the 60 and 


‘e) 
le 


and ue as adjustable parameters in the first of the above 


100 MHz data to eq 31 were obtained using Aut, Ast, dle 


approaches and Aut, ast, Ta 


and Cy as the variable para- 
meters in the second. A summary of the least-squares para- 
meters is given in Table VI. 

A comparison of the parameters from fits A and B with 
those from fits C and D indicates that excellent agreement 
is obtained for the aut and ast values from the 60 and 100 
Miz datamsets’ fongthercondtion that Tie is defined by the 
complete expression given by eq 18. The Significantly poorer 
agreement in both Aut and ast fromuvbrcssAsand #B*i1s ateributed 


to the nonexponential temperature dependence of T atthagh 


Le 
temperature where fits C and D indicate that (agc le a 
This problem is more serious at 60 MHz than at 100 MHz, and 
thus, the Aut and Ast values for the 60 MHz data are af- 
fected to a greater extent. At lower temperatures (opal > 
1, and therefore, the activation energy of Tie approaches 
Chatlrot ae manelyeseo Koad eae For most temperatures, 
the condition me)" Peles e valid snd tits. accountomn Or 
the large apparent values of Es indicated by fits A and B. 
it should be noted that although the values of the 

constants, al and Car aetermined au 60 MHz \(F1lC DD) downot 
agree perfectly with the values found at 100 MHz (Fit C), 


the agreement is as good as can be expected in view’of the 


limited temperature range, the number of parameters neces- 
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sary to define the system, and the approximations made 


st yt CONCribuELons. 


regarding the dipolar (To) 
However, Since it is felt that the 100 MHz data defines each 
of the parameters more accurately, the value of ia indicated 
by 100 MHz fit C was held constant in the 60 MHz data. The 
resulting best-fit parameters for aut, ast and Cy are shown 
as fit E. Although the kinetic parameters are now in even 
better agreement with those from fit C, the difference in 


the Cy values 1s noteresoived by this fit. 


From the good agreement in the Aut and ast values ob- 


Pemied ein Cites rer and 7 gt 1S concluded that for pee in 
water, the solvent exchange parameters are: Aut = 598 220M OS 
kcal mol7+ ana Nats 18 & LO call moi deg. The estimated 


uncertainties given above might seem to be larger than the 
Variations indicated by the 60 and 100 MHz fits, but in 
view of the 14% disagreement between the Cy values at the 
two frequencies, the quoted errors appear to be reasonable. 
The curves of Figure 8 were calculated from the parameters 


Saven inyfits C and E. 


MnB (C10 in Methanol 


4)2 
: = 
The temperature dependencies of (To pPy) at 60 and 100 


MHz for the hydroxy and methyl protons of methanol solutions 


of MnB(CLO are shown in Figure 10. Small downfield 


4)2 
chemical shifts of 0 to 6.5 Hz were observed for the OH 


Beoton and these are given in Figure 11. For the CH, 


ree ae 7 


re ee ee ee key 
hesdsiénl °W7 Ao Splev ate .yAststeloe axom atetenameg Oddy 3 

: SAT 9.6906 (RRM Oo sit nt snstene tied saw SRP HM : ¥ 
nwets. es 4 ~~ San Teh Twn 10% BtedorENtsd siit-deod ostclaiih 
heto Gl wor one  s2ndomasg prsenie gulz agpeeee wate ae 
ad soosyertih S3),0 di2 dowd epods. aakW daomse3ps- 
| ~ ain) vl) bovleeot Som at revinv: 2o-ed9 
<a. gels’ Tek Bite Pris od ob theseorps Boop eas: mont 
fi +S in wor Jqtly Sebpionds £1 9 , a) bas ee 

: 2.0, 2:13,.8 * THA s@zs ave yemes te spaniore soovicr 

fetemizves ont- a wah for Iew Oyh £.2,h = Tea baa. i 
| ade tells aepens) gc! o7| Poon) sApshe Arties pavie veldatedaeon 
7 kad? eoS2R <u OTL Sos 00 ort et bodep thas aaoksabam 
i Gifs te aeptov a” ety tested wneneavuaatD ob ono 20h 
‘“blagnonass at oi akaqae srotte hedeup oddl, 
. anetome te” ote} mex bods lpoics anw & oruplt 20 asvawe eft 
9 bas — ta 


bE. oR rr as # a” io aslornebraded sx 
© wioxiusen 4 Jonniitent 20 enarotg bytes bate cron od 
£ Se ced - 04 ‘ails at cunde ae orn 


88 


-€ (VoT5) guy FO SUOTINTOS ToOuPYyRZeEU Fo (seaano 


OM}z ASMOT) suojZorzd TAyRZeu pue (seazno omy zeddn) uojord AxoazpAy soya 


203 (0) ZHW OOT pue (0) zHW 909 3e (Wats) boT- JO edUSspUSdep sAnjereduay, 


vs 


moat 0) 


OS 97 CV Se KE O€ 


>O0T eanbty 


dian) scat O| 


22s mI 


> 


i. rr 


ae itl oon 
=I 
need = Pe? 
4 ais : - £2 west ae) 
* v fl b! 7 
=o oT 


7 
a 
q 


@ 


San 


(c) sug Tie wee 1B) fee 


Ay Beceers (7E0ER cee 


7 


) suey ser 


Fy ge ¢o. ves 


3 caine mma eed 
a, = = 


1OWNE oK.y 


4.0 


30 


2.0 


1074 x (Awa /P..) ,rad sec’! 


Pigure 11: 


£30 34 a 42 


1Oe7at Ks 
Temperature dependence of (AW, sa/Pm) at 60 MHz 
for the hydroxy proton of methanol solutions of 


MnB(C10,).5- 


89 


BE “se 
i ; 

ie tes sfey 
ee mT Of 


; sg a 


90 


“S3FTUS TeOTuweYyo uojord HO ey Aq pezeOTpUT ENTeA |Yz Ae AUeJSUOD PTeH (YU) 

“2 F}F wOrZ peuTezqo enTeA eyZ We que IsUOD PTeH (5) 

“Wz 03 Tenbe 39s sem °q pue quexzsuos PT2H (3) 

“3X83 843 UT peuTeTdxe se pojeutTzse ezem eqep uoqord fy pue HO ayy rz0z “5 squeasuoo eUuL (a) 
*d ATF worZ pauTezgo enTea ey ze AUeJSsUOD PTAaH (p) 

“W FTF worF poutezqo onTea ayz ye Aue AsuoCd ptey (9d) 


“ATsSNoOsueATNUTs pezqTyT ereM suojord ZUSTSTITP OM OYA JO YyOed zoOzI eIep zHW 


OOT Pue 09 SUL “BT be Aq peutzep Sfuteq eTy UATA TE be 09 paqaTy erz9eM SsRTNsox Pa euUL (q) 


“07 ba Aq uaatd st as 
Te}0F 8Y3 JO soUSpUSdep eAnjerEdueR OYA 3eU2 Sutumsse ‘77 bea 03 poezaty ezeM sq[nsez Pt aaa a euL (2) 


a a ee oe eee eee 


wks (y 


(yy OFZ ro es eX SoUE 
(6) PLT DL°T Zee 195 x 6t-0t 
(By L5°T OR Bess. tec sesh 
cpr oe (5) 22 1 (0) "20 (ay e9E (oy cO hs care p-TOU Te2% ots 
ZB°6T SL°PT (oy rast PACE yay eect 15) 559m RET 7-228 ‘5 
(3) 00°E cg) 00°E (p) 96°T 96°T (5 06°T (m9) 06*T 06" _tow Teox ‘Ng 
(2) 206070 (9) $8770 ale L88°0 LSGzt z8°ZT «8S°8 pres: No x ¢-0T 
gets Zec Ser 08°L ey €S* ta eSSe. y-52P,_Tow Tear asy 
(6) 48°8 L8°8 (9) ©6°6 (9) ©6°6 (a) 26° 0£°6 76°6 y- rou Teox “HV 
eee 
a a aq a fe) q Y 
(ZHW OOT PUe 09) (Z2HW OOT pUe 09) ZHW OOT ZHW 09 ZHW OOT ZHW 09 
EH HO HD HO 
(q) & TPOn (ey TPOW 


Wade 


Toueyzeu ut (Oto) aun IOJ ejep L) 943 JO szejzowered ATF 4seq sezenbs—jsveq 


a 


IIA ATEavL 


| > 

7 —— —— en 
. P-. a i met) 
agp at et 


1) 
: 
x 


a etd 
- Fees aaah none ae ot cclnaen pr or wi et 


OL das te oct AL pe Wh Sctialy eBid, aun TPO aug = 
a ET eS Ne eee 
ae it 18 at 
E ema ost Se 
vunchnty sibGamasiigd tw adamtbad, ssa tarda gro Ea Gal SEN ag? 
ut Tae one SAN oF Se SENS, 


yal 


protons, the chemical shifts were too small to allow accurate 


measurements, and therefore, they are not given. 


The temperature dependence of Goer: 


4)9 in DME. §The value of 


Sa : ib ul 
(To pPy) is controlled successively by (Tou) r Try 


ples as the temperature decreases. However, the magnetic 


for this system 


fo similar to that for MnB (clo 


field dependence observed for the two different protons at 
high temperature, shows that the hyperfine interactions 


Souci Dutcesmore Signitueantcly,to the total (TR. ) Sor 


2M 
2+ . De 4 : 

MnB in methanol than for MnB INSDMiE es) in tnLS = respect, 

this system is similar to mnB?* in water. The greater 

magnetic field dependence which is observed for the OH 


proton than for the-~CH, protons, is qualitatively consistent 


| 
with the fact that (A/D) on = Bake 

It is apparent from the rather low effective energy of 
yale for the OH and CH, protons that the exchange rate 
does not provide the predominant correlation time for the 
hyperfine interaction at high temperature. It was initially 
assumed that only Tie controlled the hyperfine contribution 


=k 


eee and the (1 ee data for each proton were 


aaa 


to (Toy op m 


fitted to eq 27 with the total (Tou) term (dipolar plus 


hyperfine) being defined by eq 20. A summary of the best- 
fit parameters can be found in Table VII (Model 1). 


For the CH, protons, an independent determination of 


8) 


Aut was not attempted since Tu . is not well resolved from 
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ene instead? it"is shown (fits Deand &) 


that the observed (T c for the CH, protons are com- 


2p?m) 
pletely consistent with the Ant and Ast values obtained 
from the OH proton data. Since a magnetic field dependence 
was not observed in the outer sphere line broadening region, 


the parameters defining (T..)~+ at 60 MHz were held constant 


20 
iimetlcing =the=100=Miz idatase Although a fret. of =the 100) Maz 
OH proton data gave somewhat different values of Aut and 
ast (compare fits A” and’ 8B), "it was “found: that the 100 MHZ 
data could be fitted satisfactorily with the parameters 
Sowneinie rit =. 

At this stage, calculations were made to determine if 


tT, should really be neglected as a correlation time for 


M 
the hyperfine interaction. Using an iterative procedure in 


Sjeeo, 2c was “round "that ,ein "order -CO=propeLrly account or 


the OH and CH, proton magnetic field dependence, the value 
9 


Of T) at 25°C at 60 and 100 MHz must be 8.6 x 10 ~ and 

eo xX out sec, respectively, and that tipety ie) aoe We oo sec 
re) 

for the inner sphere interaction distances: (Con = 2.95 A 


45 


fe) 
and (rion cals Oo ite dee se This calculation required that 
5 


(A/A).. be 6.2 x 10° rad sec! if (AM)... = 2.3 x 10° rad 
CH3 OH 
sec. The above value of (A/D) oy was determined from the 
measured OH proton chemical shifts but (A/D) og could not 
5 


be experimentally determined due to the small and inaccurate 


CH, proton chemical shifts. A comparison of the exchange 


mage. ys Cl. oS. x to! sec” from the values: Ant =i! gh] 
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if 


kcal ata ast = Sas CME Aion” abe, 29 with the above 


values of Tle indicates that ty contributes to the extent 
Of ~102 and ~20%2 at 60 and 100 MHz, respectively. Thus, for 


eepEODpcr account Of this system, the (T ou data should 


2pPm) 
be fitted to eq 31 in a manner analogous to that used for 


MnB?* in water. 


iL 


Piecerut ting sure (T., daa SO MnB*t in methanol, 


p 
according to eq 31, the complete temperature dependence of 


Tie given by eq 18 was used. For the OH proton data, (A/h) 


was held constant at the value indicated by the chemical 
SLocopeout for Che CH, Drocon data, (A/D) og was not re- 


3 
strained since the observed CH, proton chemical shifts were 


too small to give an accurate value of the hyperfine coupling 


cee : : 
Sonstant.§ AS for MnB* in water, tC was mecessary Lo, obtain 


a good estimate of the dipolar contributions to (oes) ers Hie 


this regard, the inner sphere interaction distances and 


dipolar correlation time given in the preceding paragraph 
were used to calculate the dipolar contribution to (ne is 


fimo Ca Lt should be noted that the value (of given 
above is in reasonable agreement with the value found for 


the ier anayer ) hel methanol.>~ Using these estimates, the 
dipolar contribution to the total (T y~t at 25°C was 


2M 
4 -1 4 -1 
Hound. tO be 7.63 x LO] "sec hatsk ASU p be TMOG Sieve, for the 


OH and CH, protons, respectively. A value of 3.0 kcal moi 
was used for the inner sphere dipolar activation energy in 


order to calculate the values of the Cur constants for the 
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OH and CH, protons which were fixed in fitting the Dealing) 


data. This was also the activation energy which was used 


fon me olteq tise Ht might ibe expected that® theracta vation 


Snieceg Ver Omi tie outer spnere broadening,” whichiisicleanly 


defined for this system, would also be the activation enery 


iL 


which should be used for the inner sphere (T as dipolar 


2M 
contribution and for the process determining Tie (eq 18). 
However, it was found by several additional fits that the 
oil 


activation energy required in the outer sphere (To) line 


broadening region, which is somewhat larger than the value 


1,24 


expected for methanol viscosity (~3.0 kcal mol ~) gave 


unacceptable fits of all of the data when used to define 


the inner sphere dipolar (T,,,) : value and the value of Tie 


2M 


In order to obtain the over-all best set of parameters, the 
60 and 100 MHz data for each proton were fitted simultaneous- 
ly using two independent variables, the temperature and the. 
electron spin precessional frequency (w. inkecet 8 )@eiangthe 
computer program. The values of the adjustable parameters 


Aut, ast, onger ~ 


. pemands C obtained fromravire ore cheno 
o O fe) 


preton iT 1 datvarareso1 Vvensunerlables Valet Model 2)... For 


apPy) 


Geach protons, AT, Cyr and fol were held constant at the 


3 
values obtained in fitting the hydroxy (eB) a results 

and only the parameters ast, A/h, Eo and Cy were allowed to 
vary. The values obtained for the adjustable parameters are 
auSsougi vend ina TablepVi Lege thescalculatedi curves fLormihesOH 


pueaCctarmroton, according to fits’ Fiand G, respectively, 
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are given in Figure 10. 


Considering that the (T : data at the two 


2pPy) 
frequencies were fitted simultaneously, the quality of the 
MicuSeLs Tu. tensdeistaccory. ltt ls also encouraguig co 


fimae eat tne rl cHOoL tie CH DLOtLone CL 1 results is 


ap?) ' 
as good as it is in spite of the number of parameters 

which were restrained in obtaining a fit of this data. 

The value of ame CHE predicted by fit G is also Ee eae 
with the very small shifts which were observed for the CH, 
proton resonance. 


It should be noted that the values of 8.9 kcal wiih 


t a fou ant and ast, respectively, are 


Bade 225 ca lemol ded 
somewhat smaller than those obtained using the simplified 
fitting procedure described earlier. The uncertainties in 
the values given are difficult to assess but considering 
the number of estimates which had to be made, in particular 
the estimate of the dipolar ony a term errors, Ota 


and +2 cal wel” deq would not be unreasonable. 


kcal mol 
The observed chemical shifts of the hydroxy proton 
shown in Figure 11 were not used to obtain aut and ast 
Since the shifts, being relatively small in the exchange 
region, were subject to considerable errors. Consequently, 


7 rad Seca °K was estimated, 


cevalLue. of Co =e oan vO 
fadpnically, from the chemical -shitts in i theslasteexchange 
region and this value was used, along with the values of 


BPueeparameters given in Table VII (fit F), to calculate the 
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shifts using eq 28. The calculated curve shown in Figure 
11 indicates that the observed chemical shifts are con- 
sistent with the parameters obtained from the line broaden- 


DOgecesuets .iorOoMmmcie saboveuvalue.ot or and We aa DM 


Eig 


(A/D) GyeWas calculated to be 2.3 x i> wach cee 


Magnetic Field Dependence of Goer ie 


The magnetic field dependence of Galop observed for 


ot 
MnB? in methanol, water and DMF is attributed to a field 


dependent hyperfine contribution. As shown previously, 


both Tt, and T,, modulate this hyperfine interaction for 


+. can 
MnB@ in water and methanol, but for MnB?* all gy A BPGUS Ty ? Tie! 


anc thus, ‘Ges AW For the latter system, the hyperfine 


le’ 


contribution is relatively small. The magnetic field de- 


pendence of T can be interpreted in terms of eq 18. In 


le 


this section the parameters defining the field dependence 


On Tie Lor MnB2 in methanol and water are examined. 
The values of ee and Ear which define the correlation 


Pimcminucd elo, Indacaterthats At +25.C, we LS cee one 


ik 


- +. 
Soce and. 20 x) .L0 sec, respectively, for MnB* in water 


and methanol. It should be noted that these values are 


J) 


much smaller than the rotational tumbling times obtained 


Eon) the ior? ion in water and methanol. It might be ex— 


pected that the electronic relaxation mechanism proposed 


+ , 
by Bloembergen and Morgan“ EOLEeLCpDernyuraced Mn“ eval; 


+ 
and also found to be operative for the hydrated Fe? and 


crt ions,>* is responsible for the small values of tT, 
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obtained here. For this mechanism, electron spin relaxation 
is due to the modulation of the zero-field splitting (ZFS) 
by random distortions of the inner solvation sphere as a 
mesult, of molecular ‘collisdonsewith ithe) bulk solvents’ ‘For 
complexes with cubic symmetry, and thus no permanent ZFS, 
the collisions provide a fluctuating ZFS averaging to 
zero. However, for complexes possessing a permanent dis- 
te~wtion, aS is the case for MnB** , it is expected that 
complex tumbling would also contribute to the modulation of 
Chew4S.. amor Mn (OH) ,*", Bloembergen and Morgan obtained a 
value of 2.4 x 10°1% sec for Tsfabus00R ket ince theta, 
value for MnB-* in water is considerably larger, it seems 
itkely that both xotational tumbling and diffusional col- 
iS) Onmsaicon tic buterito) armodulations ofthe ZES: 

Following McLachlin, ++ the constant Ce in eq 18 is 
related to the ZFS energy term (A) and the electron spin 


quantum number by means of the expression 
A 
ClR=t —>N 4S (S84+71) 83 (63 c) 


From the value of the Ck constants given in Tables VI and 


a a 


Vino A is Caiculatedito ber0Ocdivre 05015 emlae andes let oecus 
Or Mnp-t in water and methanol, respectively. These 
wWalues-of) A are,was expected, conSiderably larger than the 
value 0.014 aan found for the temporary ZFS energy in 


Mn (OH) 677." The values given above appear to be 
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consistent with the observation made by Alexander, et Ane 


that the MnBC1.°6H.,O complex is characterized by a large zero- 
field splitting. It should be noted that the smaller A value 
obtained for mnB?t in methanol than in water appears consistent 
with the result that iis is smaller for this system; the implica- 
tion here being that the inherent ZFS for MnB** in methanol is 
smaller, and consequently, a greater contribution to the overall 
ZFS arises from the temporary distortion mechanism discussed 
above. 

From T (25°) and Cor Tie for Mie? in methanol and water 
WismCalculLated to bell s0 x iver hele. | Fi 2 i 10m: sec, respectively, 


aemouUe MHZ .( 1A. 1 kG). For an independent estimate of T the 


le’ 
epr spectrum of a degassed methanol solution of MnB(C10,). was 
obtained at 25°. ~The spectrum consisted of 6 hyperfine lines 
superimposed on a broad background signal. The line width 
(~20 G) and coupling constant (~94 G) of the hyperfine lines 
, peer 
are quite similar to those for Mn (CH30H) ¢ “ However, 
recrystallization of the complex failed to affect either the 
epr spectrum in methanol or the nmr line broadening in water. 
If it is assumed that Mn (CH,0H) ¢“* is in equilibrium with mnBt, 
then relative intensity calculations indicate that the amount of 
Mn (CH,0H) ¢** is too small to account for the observed nmr re- 
ete se ifathe hyperfine Structure 1S actually a partyof) the 
mnB?* epr spectrum, then eq 18 predicts that for Tie ee LeU oe 
ilo sec ate 14.1 KG, ee 2ax nog sec at the epr magnetic 
field (3500 G), in agreement with the value of 3 x 10°” sec 


Calculated for T from the epr line width. 
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3. Magnetic Susceptibility and Ligand PMR Shift Study of 


the Paramagnetic-Diamagnetic Equilibrium of nicr?t and 


NicRMe?t an several Coordinating Solvents 

This section presents the results of a study of the 
diamagnetic-paramagnetic equilibrium for the solvated 
nickel(II) complex of 2,12-dimethyl-3,7,11,17-tetraazabi- 


cyclo (11.3.1) heptadeca-1(17) ,2,11,13,15-pentaene, NicR?", 


and its methylated analogue, NicRMe?*, These complexes 
are shown in Chapter I as structures I(a) and I(b), 
respectively. It was necessary to study this equilibrium 
in order to interpret the solvent nmr line broadening 


an the 


properties of these nickel(II) complexes. For NiCR 
diamagnetic-paramagnetic equilibrium was studied as a 
function of temperature in water, methanol, N,N-dimethyl- 
formamide (DMF), dimethylsulfoxide (DMSO) and acetonitrile. 
In the case of NicRMe**, the equilibrium was studied in 
DMF and water. The equilibrium constants were determined 
from both magnetic susceptibility and ligand proton contact 
shift measurements. 

The presence of a diamagnetic-paramagnetic equilibrium 
in the Tice a system is not surprising in view of the 
earlier Sede: which have shown that in the solid state 


NiCR(C10 is diamagnetic while NEGEIOHS) (GLOW 


a2 


HUGRC Land NiCR(SCN) 5 are paramagnetic. It has also been 


2 
observed that the iodide salt of the hydrogenated form of 


NicR2* shows a temperature-dependent spin-state equilibrium 
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aHe. 


in the solid state. Similar observations on complexes 


less closely related to those studied here have been 
reviewed by Barefield, Busch and Nelson.” 

Several types of reactions have been associated with 
the diamagnetic-paramagnetic conversion in nickel(II) com- 
plexes. In the solid state, where ligand movement is 
restricted, a simple equilibrium between electronic states 


exEsts  ulFor*tetragonally "distorted nickel (11) Gthissawoulid 


take the form 
Nia Sh (GR TA Xe OB IS) (34) 
Ao etG cee AO EG 


Such equilibria?” normally have small values for AH° 


(~1 kcal mo171) andes > (ikea l molesdegr )% 


In sofution a4 square planar-octahedral interconversion 


MayeOccuL according to the’ reaction 


NLAV the xXeeINIARX 


4 4°°2 (35) 
S = 0 S=1 


For Ni (CRH) 7* in water, where CRH is the hydrogenated CR 


MacrOCVClilCc Ligand,eAn- and A> values” ” for equilibrium 


1 


35 are -4.5 kcal mol ~ and -16 cal au etre, respectively. 


Recently Kannan and Chakravorty” / studied a series of 2- 


hydroxyacetophenimine complexes of nickel (II), with X = 


pyridine, and found AH° values of -4 to -11 kcal role mend 
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NS° “values of -25' to 39 catemol tdeg7?. 

Several systems” have been found to exhibit the 
equilibrium 

nNiA, (monomer) == (NiA, ) 


(associated species) (36) 


n 
S = 0 sS=1 


Such equilibria are characterized by their concentration 
dependence and sensitivity to steric factors in the A, 
ligand(s).°° 

A final type of equilibrium (eq 37), involving a 


structural and spin-state change, has been observed.” 


NiA, (planar) @ NiA, (tetrahedral) om) 


“ 
S30 S=1 


The tetrahedral species can normally be detected from its 
characteristic electronic spectrum. ~-Such an equilibrium 
seems unlikely with the fused ring quadridendate CR and 
CRMe ligands since it requires considerable ligand dis- 
tortion. Therefore, equilibrium 37 will not be considered 
further here. 

Preliminary studies on the NicR?t complex in water 
indicated that the visible spectrum was highly temperature 
Bependent, with the extinction coekticient) at 390 =nmsunder= 


going a reversible change from 76 mtom™? at 5°C to 272 
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mcm? at, 09. Capeliisetyperot, observation indicates. that 


an equilibrium exists in the system but is of little help 
in defining the type of change which is occurring. There- 
fore, studies of the temperature dependence of the magnetic 
susceptibility and of the ligand proton chemical shifts 
were undertaken. 

The molar magnetic susceptibilities of Nicr?* and 
NicRMe?t, dissolved in several coordinating solvents, are 
shown in Figures 12, 13 and 14. These were determined by 


OTE Kee) 


the method of Evans and were calculated from eq 2 of 


met 27 which can: be rewritten in the form 


eS ieee eS LT hee ot P| + X M (38) 


-3 
2m£{m]Mo, re A®) 


where X,y is the molar magnetic susceptibility, Af is the 
Hane tLCesuscepeTDLIIty shatt in Hz, 1 is the spectrometer 
Operating frequency (60 MHz in this study), [m] is the 


solute molality, Lisithermsolution density atrt Clam as 


me 
the molecular weight of the complex, and Xo is the solvent 
Giamagnetic susceptibility in cgs units. The Xu values 
Shown in the figures have been corrected for the macrocyclic 
diamagnetic redep cay scitty a (-163 x 106 cgs Halen 
However, for reasons to be discussed subsequently, Py Lee hw 


each nonaqueous solvent system was assumed to be that of 


moo solvent at 25°. 
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Figure 13: Temperature dependence of on LO hig NiCR(BF,) 5 


(o) and NiCRMe (BF ,) 5 (e) in water. 
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When the anhydrous NicRMe*t and NicR+ complexes were 


dissolved in a non-coordinating solvent, such as trifluoro- 
acetic acid, the temperature-independent macrocylic ligand 
pmr of the pure diamagnetic forms was obtained as shown by 
spectrum A and B, respectively, in Figure 1.- On the other 
hand, when these complexes were dissolved in the coordinat- 
ing solvents used in this study, the chemical shifts of 

the various resonances became very temperature dependent. 


For a solution of NiCR(PF ine DME at 60°, they pyridyl 


ae 
proton resonances appeared downfield, while the signals 
from the azo-methine methyl protons and the two types of 
CH, protons from the dipropylamine portion of the molecule 
were shifted upfield, the latter more than the former, 
relative to their diamagnetic positions shown by nmr 
spectrum B in Figure 1. The entire spectrum at this temp- 
erature occurred over a region of ~1800 Hz. Measurements 
of the temperature dependence of the sharpest resonance 

due to the azo-methine methyl protons were used to deter- 
mine the position of the equilibrium. All shifts were 
found to be independent of concentration, at least in the 
Bangers J.c8tOe0.o mM studied.) thevaccunacy of thevyshites was 
generally controlled by the line width and is estimated to 
vary from +2 Hz at the higher temperatures to +10 Hz at 
lower temperatures. The chemical shifts relative to the 


chemical shift in trifluoroacetic acid, which was taken 


as that of the pure diamagnetic form, are shown in Figure 15. 
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CHEMICAL SHIFT (Hz) FROM THAT OF DIAMAGNETIC SPECIES 


0 oe | 
2.6 3.0 3.4 3.8 4.2 4.6 
Oe iacke 
Figure 15: Temperature dependence of the chemical shift of 

the azo-methine methyl protons for NicR*t and 
NiCRMe2*. A - NiCR(PF/) 5 in acetonitrile, B - 
NiCRMe (C10,) 5 in N,N-dimethylformamide, C - 
NiCR(PF¢) 5 in N,N-dimethylformamide, D - NiCR(BF,) 5 


in’meéthanol eb — NiCR(BF,) 5 in water, F - NiCR(PF.) 5 
in, dimethy lsultoxide, jand) G=— NiCRMe (BF, ) 5 in water. 
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These magnetic susceptibility and chemical shift 
results indicate, unambiguously, that a diamagnetic-para- 
magnetic equilibrium exists, with the diamagnetic form 
being favored at higher temperatures. The measurements 
also show that it was not possible to obtain the chemical 
shifts and the magnetic susceptibilities of the pure para- 
magnetic forms. From the standpoint of improving the ac- 
curacy of the equilibrium constants, it would have been 
of considerable advantage if these limiting values could 


have been determined. 


Magnetic Susceptibility Results 
If the diamagnetic-paramagnetic equilibrium is repre- 


sented by 


Dil(Seo40) 5: <P (Ss—el ) (39) 


then the equilibrium constant is given by 


_~ ° ° 
¢ Re EIT ee rane TAS 


[D] RT 


oe (40) 


The molar magnetic susceptibility can therefore be expressed 


as 


u_2N 


foe) 


iy (41) 


Aen S 2 
RT 


3k(T + 6) (1 + exp( )) 
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where yw, is the magnetic moment of the-paramagnetic species 
in Bohr magneton units, N is Avogadro's number, and @ is 
the Weiss constant. A Curie-Weiss temperature dependence 
Goeassumed for ii Sincesprevyious work? provides some 
guidelines as to the likely values for 6. Alternatively, 
a temperature independent term may be added to eq 41, 
with 09 = 0°K; however, the two procedures are equivalent 
from the point of view of fitting the data, as long as 
a See Ge 

A nonlinear least-squares fit of the Xu data toleq 41 
would not give reasonable values for all the parameters: 
Wee Oye send $AS “However erits slo within) thesestimated 
experimental error of the XM values could be obtained using 
the assumptions summarized in Table VIII. A value of 3.00 
BMiwas chosen for wh, rather ™than the more noe value of 
She BM>> for octahedral nickel(II), because it gave better 
agreement of AH°® and AS° with the results of the chemical 
shift study and also gave smaller, more reasonable 98 
values. jilthough ji) may actually be slightly vditterent 
for each system, as shown by fit A, the data do not permit 
such a refinement. 

in fit C Gf Table Vial, an attempt was madegtonaccount 
Eom the changing solution density (eq 38) with temperature. 
Temperature density functions of the pure Solent cms were 
used. For the nonaqueous solvent systems, the AH® and AS°® 


values do not agree with those from the chemical shift 
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heast=squares best fit parameters of the azo-methine methyl! 


chemical shitt data for NicR?* ene NicRMe** in a series 


(a) 


of solvents 


Complex Solvent AH?, ASor 10° >x Wray 


kcal mol? cal mol tdeg + rad sec 


NiCR(BF,). Water =6.03.0 gh) ee rey) 
NiCR(BF,) 5 CH,0H i a) el BR = 320 
NiCR(PF-) 5 CH CN -4.16 sel ROB sie) O20 
NiCR(PF.) 5 DMF tore) sien Ay Senet 
NiCR(PF¢) 5 DMSO -4.47 mel Oet8 Oo 
NiCRMe (BF,) 5 Water ile ek) rela etal es chs 
NiCRMe (C10,) 5 DMF mei hey oS) wedi 8) = Ore Oy 


(a) Fitted to eq 42 with A = 0. 


(6b) Calculated assuming gVS(S + 1) = 3.00 BM in eg 42. 
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TABLE IX 


Heastesquares best fitupparameters of the azo-methine methyl 


2+ 2 


chemical shitt data for Nick and NiCRMe 5 in a series 
(a) 


OL ssOlLVeEnts 


Complex Solvent AH°, AS?e* 10x af, P? 


kcal mol-+ cal mol” tdeg™+ rad sec 


NiCR(BF,). Water -6.39 -17.9 -5.49 
NiCR(BF,). CH 0H -4.09 =D? -6.20 
NiCR(PF,). CH,CN -4.16 -10.8 -8.26 
NICR(PF.) DMF -3.27 Se] M7] -6.57 
NiCR(PF.), DMSO -4.47 -10.0 -5.49 
NiCRMe(BF,), Water -4.60 -15.1 -5.91 
NiCRMe(C10,). DMF -4.85 ~12.6 -8.07 


foyer ttedyto eq 42 with A = 0. 


(b) Calculated assuming gvS(S + 1) = 3.00 BM in eq 42. 
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Study. It would appear that the use of pure solvent 
densities for solutions containing from ~0.05 to ~0.2 m 
complex and ~5 vol % of internal Standardutcunoteustit ica. 
As expected, the inclusion of the temperature variation of 
the density of water for the aqueous systems has an 
insignificant effect on the fit parameters since the 
density of water does not have a very large temperature de- 


pendence. 


Ligand Proton Chemical Shift Results 

The temperature dependence of the chemical shift of 
the azo-methine methyl protons were also used to obtain 
the equilibrium constant for eq 39. If only the Fermi 
contact contribution to the shift is considered, then eg 


40 of reference 17 can be used to obtain 


gBS(S + l)w y oe Oe a 
; Cig cease led exp (42 TAS 


3kyzT e See 


) (42) 


where Aw_ is the measured chemical shift relative to that 
of the diamagnetic form, A/M is the hyperfine coupling 
Soustaiteiiearac sec + and Wo is the nmr operating fre- 
quency. The first term in brackets in eq 42 is obtained 
by rearrangement of the expression given by Kurland and 
mecarvey so. with A = ((s, = 3, )0/9%5), where D is the 


, - 1 
zero-field splitting energy and g = Z(g, + 2g,)- The 
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neglect of an additional pseudocontact shift (eq 12) ap- 
pears to be justified for Nicr-t and NicRMe** Since the 


angular geometry term, (3cos72 ——i)*,tor=thewazo-methine 


methyl sprotons, of Nicr?* and NicRMe?* is expected to be 
small. It should also be observed from eq 12 that, since 
eheepseudocontactesnilre has mainly 4a ok temperature de- 
pendence with only a small ~ 2 term, the omission of this 
contribution to the measured chemical shift in the present 
treatment should not affect the AH° and AS° values, but 
would affect the values of A/A. 

The frequency shift data of Figure 15 were originally 
fitted to eq 42 assuming A = 0. With this condition eq 42 
reduces to the form more normally used to fit contact 


shifts, °? 


in which a Curie law temperature dependence of 
the magnetic susceptibility is assumed. The results of 
these fits are summarized in Table IX. The AH° and AS° 
values are in good agreement with fit B of Table VIII, but 
not in such good agreement with fit C, except for the 
systems Nicr?* and NicRMe?* in water. This indicates that 
the density corrections applied in fit C for the nonaqueous 
Solvent systems are incorrect for reasons outlined earlier. 
However, the agreement might be improved by inclusion 
of the non-Curie temperature dependence of the magnetic 
Sisceptibilities in fitting the contactsshitts. thevex— 


pression for the magnetic susceptibility of.an S = 1.sys- 


tem, given by Kurland and McGarvey, 1’ can be used to show 
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chat 
°, a2 ' 
Xwyy = X= OK, + 2x,) = BE Fa4AY (43) 
Skt 4k 
ee 2 
where g° = 3g), =e 2g,) and A = ((g? = g”)D/kg*) . The 


Curie-Weiss law for the susceptibility may be written as 


& 


Vita ae 
Tele eels) 
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2 
HQ 


(ie — B07) (44) 


and then 


) (45) 


Comparison of eq 43 and 45 shows that the Weiss constant 
(8) can be identified with A'. In the absence of known 
Gavabuesy a relationship for A in terms of 9 ‘cannot’ be 


obtained, but it can be shown that 


q 
A we ee (Retest (46) 
A A 


In the limit of a completely isotropic case A = 0.56 and 
Meescems unlikely that 4 > 0.6/0. Thegcontact siirtc data 
for the water systems, which have the largest 9 values, 
were refitted to eq 42 assuming A = 0.678. The results 


1 and AS° = -16.7 cal 
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AS =6=tS92 tcal.cnoMadaqanae Theselvalues ifor iINiCRietare 
in poorer agreement with eveee from fit C, and the values 
LoD NicRMe?t are essentially unaffected. The overall fit 
was not Significantly improved. Therefore, the inclusion 
OLGAGin teqo42twPlil inothisrqnificantly affect sathe results 
nor improve the agreement with the results of fit C. 

It is somewhat difficult to estimate the magnitude of 
the erroys ULOoreAnewand OAS Mhecause vot ithe rvarioustapprox7— 
mations required and the number of parameters needed to 
fit the data. The ligand chemical shifts are least subject 
to these problems and experience with the fitting process 


i 


indicates that an error of +0.5 kcal mol ~ on AH® and 


1 ontANS® -1sta@nesonable estimate. oFwrthin 


eUbcal: mol tdeg™ 
these error estimates, the results from the magnetic sus- 
cCeptibility and ligand chemical shift studies are in 
ag Leecment. 

The values of AH° and AS° obtained for the diamagnetic- 
paramagnetic equilibrium are generally similar to those 


Seog nay fOr a square planar-octahedral 


found previously 
equilibrium indicated by eq 35. Although it is possible 
that the paramagnetic species is only five-coordinate, the 
isolation of the bis-adduct, NiCR(DMF).(PF¢) 5, for which 
the microanalytical results are given in Table I, provides 
some indirect evidence for the octahedral formulation. 


The magnitude of AH° and AS° argue strongly against an 


equilibrium such as that represented by eq 34. The lack of 
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any concentration dependence for the equilibrium precludes 
the possibility of complex association via the equilibrium 
represented by eq 36. Furthermore, in view of the absence 
ofstemperature dependent contactoshifts oft the ligand 
BrLoren resonances in aneuttisolventsuit isenoteizkelyethat 
the formation of associated species would occur in co- 
ordinating solvents. 

It would be expected that solvating power, steric ef- 
fectoyrane bigand-fieldEsplietangemightabercontmibuting 
factors to the AH° values. However, except for NicR?t in 
water and DMF, the AH° and AS° values are quite similar, 
being about 4.4 + 0.4 kcal mol* and 12 + 3 cal Wa else 
respectively. Therefore, it seems that a number of com- 
pensating factors may be at work and a qualitative analysis 
of the AH° values is futile. 

The AH° value for NicR** in water is the most negative, 
consistent with the proposal by Busch”? that solvent 
Structure breaking is an important factor in determining 
the diamagnetic-paramagnetic equilibrium state. However, 
NicRMe~! Insewater has a rather normal AH? and! it seems 
fmiikely that the introduction of ay methyl group On the 
Sener base ligand would have a Significant effect on the 
solvent structure. 

The hyperfine coupling constants (A/f) ein ata bem 


have all been calculated with the assumption that yu, = 


g/S(S + 1) = 3.00 BM. It would seem likely that this as- 
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sumption is good to within at least +5%, and therefore, the 
Variations. in,A/n tor different systems are real. The 
nature of the axial ligand, solvation of the octahedral 
complex, and minor changes in geometry of the macrocyclic 
ligand are likely to affect A/h. Thus, the observed varia- 
tions are not considered to be unusual. 

The values of the equilibrium constant parameters 
determined in these studies are used in subsequent sections 
to correct the solvent proton chemical shifts and line 


broadenings for the diamagnetic form of the NicR?* and 


NicRMe?* complexes. 
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4. Solvent Proton NMR Line Broadening and Chemical Shift 


Study of the Nickel(II) Schiff Base Complexes, wekerau and 


NicRMe**, in Several Solvents 
As a result of a number of recent nmr solvent exchange 
studies of normal octahedrally substituted nickel (IT) 


vee it is now possible to qualitatively antici- 


complexes, 
pate the effect of the non-exchanging ligands on the water 
exchange rates in such systems. However, there have been 
comparatively few studies of the kinetic Seobert ics OEE 

tetragonally distorted nickel(II) complexes. Thus,” little 


is known regarding the relative importance of complex 


geometry and the effects of non-exchanging ligands in these 


systems. It was therefore of interest to study the solvent 
exchange properties of the Schiff base complex, NicR?*, in 
several solvents. The solvents chosen were: water, N,N- 


dimethylformamide, methanol, acetonitrile and dimethyl- 


SULTOXLOC + 
For purposes of comparison of the solvent exchange and 


2+ With those of another tet- 


the relaxation results of NiCR 
ragonally distorted system, the Schiff base complex, 
NicRMe?*, was also studied in water and N,N-dimethylforma- 
hudeyvewreeshould be snoted from structures I(a) and, 1b) 
that the only synthetic structural difference between these 
two complexes is that in the case of NicRMe?* a methyl 


group is substituted for the amine proton of the CR ligand. 


It was shown in the previous section that a rapid dia- 
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magnetic-paramagnetic equilibrium’is a characteristic 


BAT ear 


property of NiCR and NiCRMe in the above coordinating 
solvents. The question therefore arises as to whether the 
solvent exchange behaviour of these complexes is also re- 
lated to this equilibrium. 

Chemical exchange effects on the nmr line broadening 
and frequency shifts were observed for both Nicr?t and 
NicRMe?* in N,N-dimethylformamide and for NicRr?* in meth- 


249. 
in water 


anol. Only the line broadening results for NiCR 
and acetonitrile and for NicRMe?* in water show effects of 
chemical exchange. In the case of Nicr?* in dimethylsulf- 
oxide no chemical exchange controlled line broadening was 
observed. Measurements were made on all systems at both 60 
and 100 MHz and in all cases a frequency dependence of the 
proton relaxation time in the first coordination sphere of 
the metal ion was observed. This behaviour is interpreted 
in terms of the magnetic field dependence of the electron 
spin relaxation time. 

In order to include the effect of the temperature- 
dependent diamagnetic-paramagnetic equilibrium, represented 
by eq 35, on the concentration of the paramagnetic form of 
the complex in solution, Pe previously defined by eq 4, 
is expressed as 
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where Ss is the mole fraction of the nickel complex in the 


paramagnetic form and is readily calculated from 


Xx a fe} ° 
_ ee Paes = exp (= us" | (48) 
es 
p 


The values of AH° and AS° have been determined as described 


in section 3 of this chapter. A value of two has been as- 


as on. 


Sumeda for n for both NiCR and NiCRMe” , implying a 


pseudo-octahedral structure for the paramagnetic species. 


Indirect evidence supporting this assumption, at least for 


jaa 


NiCR’ , has been presented in the experimental section 


where it was shown that the bis-DMF adduct of NiCR(PF_) 5 
could be isolated. The characterization of the aquo-adduct, 


SZ 


NiCR (OH,)5(C10 has also been reported. However, if n 


42" 


were actually one in solution, then the values of (T 2 


2pPy) 
and AW psa’ PM would have to be multiplied by a factor of 
two, essentially, since the second term in the denominator 


SrecUpegeise smal lerelativer to slo]. Nerelore a tiescalcu— 


lated exchange rates and coupling constants would increase 


BYyEauLactLOL JOf, two, and ast would increase by 1.4 cal mo1~+ 
feces 
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NiCR in N,N-dimethylformamide 


The temperature dependencies of (Te ees and 


(A /Py) for the formyl proton in DMF solutions of 
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Nicr?t are shown in Figures 16 and 17, scrape at eegsGiy:. In 
this study most of the measurements were made on the hexa- 
fluorophosphate salt and these were found to be in agree- 
ment with data obtained for the perchlorate salt. All of 
the experimental points have been adjusted using in eq 48 


ene previously determined values of —3.27 kcal mol? ana 


Xu 1 FORA spanadaN\ Gere respectively... Lt 


-7.7 cal mol ~deg 
may be noted that below -40°C the complex is >96% para- 
magnetic and the effect of the equilibrium on the concen- 
tration of paramagnetic species is quite small; however, 

at higher temperatures the effect is quite significant. 
Reel202cC, Lor example, the complex is 432 in the dramagqnetic 


FOC « 


The temperature dependence of (T.5Pyy) a shown in 


Bigure 16, 1s typical of that observed for other nickel (11) 
systems. The value of Creeps) ie iS primarilys controlled 

: aati 2 -1 
successively by (Tou) ; Ty An ayetel bealiave IOI (Try) as the 
temperature is lowered. These limiting conditions were 
gscussed as 25 (ajitoe25 (a)F (CaserA) ein Chapters. Let 


should be noted that no ( ae controlled line broadening 


a6) 
region is actually observed at low temperature but analysis 


a in DMEF 


of the data for this system and that of NiCRMe 
permitted the outer sphere term to be estimated. The re- 
SUL tSelor Ni (DMF) ¢** in pmo? were also useful in this 
connection. 


This system is unusual, however, in that the (ha 


woe 
la 

ya a 

: a 
; ; : oe oy , : 
di .yfovistougeax TI bas of 2 vaupit ol swore 


ryit * 7 ets 
— —pxori vA AD oan aro 245 ron! uRASa odd 7 eo yh mide ; 


- 5 f ’ 3 3 4 ~- _ a 
| oe b i} na ey | wie} a b4b9 7a ty é {ow arid pls +180 ost inno J a 
bd] ab ef! 


- ' 5 do eae one Sint 
! * ; Co of ) a tal » ee 2 b Of) ‘ss ae bw 

- es - a) vt ~ ¥ Ma oie 7 ’ fis 
8 b i : ; 1a? iJ b ea? 5 4! t . id : y af = a | toq Lede t= a s99% co) 


Te. f- %o eseultav bora: oteb ‘yleuolve a ons 


Ane f jen TBod. \s.! 
9 e 


& 


wot mn! - sata om. 5» t,.'- 


3% 4. Yinvesoogess , 65 Oe ge enzo 


wv wae Jenh= wo lad tnd Lente: od ysm 
roots og ban 9h onipaat 


ra] 
4 
ia 
= 


_ 6°! ft} : ia e . 


, « 2 }- rep } _ ¢ ha, 
=——ganvuoDp OF. ity fee ! Al : he 


qeatovon <i fame etiup ss 8 Loege s J onpamisaBe io ae iss1t 
4 - 1 at e = 4 ee « 


goeoltinpia etiup ra 


oitonpaauit ene a) eh t yelenoo of | Cqmexs x08 708. 


*36 os12 €@05 ccnusesogind: iad at 
> 


vi = 


nebsvqoh cso 


A | 4 

“Seifocrsne> Ye mLig 2 oe 

we : f-, ., 

A 4 td —_ a te = ‘ ; 7 

eit 26 f (7) vi tena? ~ LG 4 é ie ‘ Sue 
Soe DW 

stew anclatanco pruisinit eescT a bi vrswok:) 


c et ,l wotqedd ai (A 5 
s oe ; 


peer oxd eail hellotsnoe dee (oe?? on 34 


, 4 ee 5 
i onset i me. Wol =f bevisado ¥ LLausor - -. 
te ' i Lan 


9 teat bre mod 
ial 
ie, ‘og od aod wen 


‘eam — 


E22 


oa) ZHW 09 pue s (Vv) ZHWN OOT 
wae (sates: alors pue 7 


_~ dd Y30q) ,7SOTN FO SUCTINTOS eptweuzozTAyZoutTp 
-N‘N ut uojzorzd TAwz0F 9yR TOT (az 


L) 50[T- FO sdusepuedap seanjexzedusy, 


[-%o L/e0l 
ov ZV 


Se ve O€ 92 


© 
oe) 
Xx 
+ 
N 
ne! 
sy 
rv, 3 Vv = 
O \ ; t 
Q y Y Ove 
X =~ 
a) © a 
R / \/ oO 
. 4 © 
°. ©) a 
) Y \/ 
, 
fa O 
Boies v 09 
ia 
WO Q 4 
\A \/ 
M V1 


Wa mV Ol 


29T eanbhty 


as ~~ Be | ‘U6 
ab res tf 
=K,@'nt notexe (ymee aft 25% lta) pol= to ete * 


Ube phertad "4018 une ~ a7 daad) “AGEN So -nnatonsee * 44 
“to es an 


“FXO SY UT poutetd 
sxe ST SEAN -PTTOS pue peysep sey JO aduPOTZTUbIS SUT ou) 

0 ‘(V) 2HW COT 2e ‘(sates ots pue %4a y30q) 
= -TAYZSUTP-N‘N UT uojqo zd TAWIOF oy AOT (ay ase 


ZHW 09 pue 
2eorn JO SUOTINTOS optwewuxrog; 


MV) JO soUSspUSedep sAanqjersduosy, 


i UP cor 
OV Gad Se ve Oe 97 
) 
OV 
=) 
w 
x 
08 > 
E 
O° 
S 
a 
= 
Zl = 
Q 
(Ok. 
= 
A Seca: 
SUP 


Oz 


>2T eanbty 


ohne 2 


» maori rs 


124 


2 


( 


@ 37F WOT SNTLA Je AueZsuoo pTeH (5) 


HW 09 WOTJ ONTEA Ae Que IsUOCD PTeEH (2) 


"Y 3TF Wort onTea Re Aueyzsuoo ptTexH 


(2) 


‘eqep 


ap det) ZHW 09 Aq pejeotpuT se PexTT sem “e3ep ZHW OOT pue 09 Jo Aouajsts 


tHV 


“UO TOF 4S92 OF SRITYS Teotweyo zu 09 Aq pezeoTpUT soenTeA 3e AUeISUOD PTSH (p) 
“awd ut 42° (HC) OREOTN 
pue aNd Ut 42° (AW) IN TOF POUTeIGO €~ JO SONTeA YITM QueIsTsUOD ST STUL 

“@ ATF ZHW OOT Aq pezeoTpuT se oz-¢e 3e ZueASUOD pTsy sem 0. O23 a FO OTZLPT SUL (2d) 
*posn oentea 05 2yu7 uo Sutpusedaep ‘7 Tow Teo 69 O2al telus ous 

uT Sem We AeA OF pEeMOTTe usum ‘YW 3TF ZHW OOT Aq ueath onTea ouA 3e AUeASUOD PTeH (qd) 


“FTF STUUR UT FZuejZsuod prey pue stsATeue 


psqo 


MV Worzy PeuTUASep SEM pEReTNqeZ enTeA sy, ‘*uasouo sem Ng zo 05 ZOF ONTeA 


2eUM uO Hhutpuedap g0T X LT“E pure g0T X FOE UsEMW0q "> oars S}TJ ASQewered ¢ snotie, 


ee eee ee 


= . Leoee acy WTSLyWM, 02°61 y 98s" 105 
: iW 
(6) 6°84T fa) 0a79 O68 = 6BFT BHT (5) 079 Saree Ne 
: : : : : On Wi 
(ay90°T (9) 90°T ay tere 20. Fost 20-7 p_tom teoy ‘og = Ny 
™ 
. . ° ° e e 2 / 
vI'S COne TMi) So fIkS me 98 So w., a0" C Hop_088 PEIN X 4 OT 
gT'€ 99°% OL CMe caat me 70 boa Tapp oe Teas gem 
. ° ° . ry e 4 
08°6 EG" Gs (py E9e Om Son on stage £9°6 zoo Tey ‘HY 


5 gq W 


ZHW OOT ZHWN 09 


ZHW OOT 


SpTwewrOFZTAYZOWTP-N‘N UT 47HOIN TOF srojZewerzed 3TF 4Jseq sorzenbs—-yseoeq 


& 
xX ATaAVL 


ve» yz. ees 
. cbr a0,2 
9.03 ove @enbt.- Pines “ashe 


shies gatateges “G4 K.T1.t Erte 49: « 95,4 oocdtet (> evga 82ih 


wat” sel trnigastad anu Seve lnsi= sane tae fF 1D. 2F SEY SUSE 


at wa 5 coy 28 


oe 7 | nies ay tov sermecenes i 
<a Bed #247 43 455 lTS fgtiease sda bp teh Sse aee ee eae cs oe 
Ssh) aot ee ee s$2ib Sob ObS ae = 


seteastiq'e cephaed 4a) 


Sige) 


value is frequency dependent. It is apparent from Figure 16 
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uf 3 aL 


°K ~, the 60 and 100 MHz data do not 
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fOoreT®  < 3.4 x 10m 
converge at high temperature. This behaviour has been ob- 
served for Won aise several solvents and is attributed to 
pmerequency dependence Of the correlation time controlling 
the Bye relaxation. This phenomenon will be discussed 
subsequently. It has been assumed that the outer sphere 
relaxation has the same frequency dependence. 


the -(T ! results have been fitted to eq 2, modi- 
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Erea by the addition of a (T of term, with certain re- 


20) 
strictions applied to the parameters as given in Table X. 
Since the observed downfield chemical shifts of the 
bulk solvent formyl proton resonance were large for this 
system, this data was also used to evaluate the exchange 
parameters and to obtain an independent measure of Cue ike) 
addition, the temperature dependence of the observed chemi- 
cal shifts in the fast exchange region, where AW obsd is 
theoretically defined by limiting conditions 25(a) and 
25(b), was used to qualitatively assess the validity of 
the corrections which have been made for the diamagnetic-— 
paramagnetic equilibrium. It should be recalled, however, 
that the Aw, values are not useful in determining the 
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assumption that the temperature dependence of Awy is given 


by eq ll. The parameters defining (T, i were taken from 


y7t Gt. .eaclhne resul ts..aressnown.n 
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the appropriate (To oP a 


Table X and the smooth curves calculated from these para- 
motors ane.,drawn ine hi gurew l/s lt osnould be noted thats the 
predicted values are slightly higher than the observed 
values at higher temperatures. The dashed lines extra- 
polated through the observed high temperature data indicate 


al 1 


Gch f i ofe- 1855 Hzeatatae ae Ook. This discrepancy may 


Bee Oues COsaaSi 1 onteerrors anecomrecting, £0r whesdiamagnetic 
species, or to a non-Curie dependence of the chemical 
Shitt.. Since. the maximum, discrepancysis, only. 9%,eit' is 
not possible to decide between these two alternatives. It 
foedratifyving.~to: find that, Phe aut and ast obtained from 
the shift data are in good agreement with the values from 
the line broadening results. 

Comparison of the values given in Table X indicates 
that the kinetic.parameters for DMF exchange can be reason=- 
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ably given as aut = 9.5 + 0.5 kcal mol ~ and ast Ph aes es 


1.0 cal Pod lilac ean These are the average values from the 


MmUocmieawiLon both AHT and ast were allowed to vary. From 
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the values: Cx = Dye) Cure 10° rad sec ~°K at 60 MHz and 


beer = 3.00 BM, the hyperfine coupling constant for the 
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CH proton was calculated to be 2.30 x 10° rad sec™*, 
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NiCRMe (C10,) 5 in N,N-dimethylformamide . 
For the NiCRMe (C10,) ,-DMF system the temperature 


dependencies of (T, and (Aw g/m) for the formyl 


mew? obs 


proton are shown in Figures 18 and 19, respectively. The 


values given have been corrected for the formation of the 


dh 


diamagnetic species using AH° = -4.85 kcal mol ~ and AS° = 


1 1 


Plz, 55 acatanol (deqes. This correction is negligible at 


temperatures below -25°, but increases from 3 to 52% as 
ene temperature, increases from -25° to 115°C. 


The results are qualitatively similar to those for 
NicR?* in DMF except that the aay controlled relaxation 
at high temperature is more pronounced and the Ty AWag region 


is consequently less well defined. As a result, it is not 


possible to obtain a good value of C,, from the Gs 


data and the value obtained from the chemical shift measure- 


ments has been used in all of the (T uke fits summarized 
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in Table XI. It should also be noted that in the low 


temperature region the data from the 60 and 100 MHz studies 


do not converge as would be expected for Ty Cont Lolo: 


ayia This result appears to be due to the frequency 


dependence of the outer sphere relaxation which is signifi- 


cant but not dominant when pot ret Oma se 10 °°Ko-. As in the 


case of Nicr?*, it has been found that Ey appears slightly 


Margereat. 100° MHz than at 60 MHz.. The use of thes»beste rit 
value of Ey from the 60 MHz data for the 100 MHz data or 


vice versa leads to a significantly poorer fit and poorer 
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agreement between the ant and ast values from the two sets 


of data. This apparent frequency dependence of Eu will be 


discussed subsequently in connection with the frequency de- 


pendence of Tom: 


The chemical shift data were fitted as discribed above 
for the NiCR?*-pMF system. For NiCRMe** in DMF, the high 
temperature chemical shifts at 60 and 100 MHz extrapolate 
eOedeohittlof 520 Haze (dashed lines in Figure 19)> rather 


t= ocx +, Again, this discrepancy might 


than 0 when T 
indicate non-Curie behaviour or may be due to a slight 
under correction for the diamagnetic-paramagnetic equilib- 
rium. In any case the values of Ant and ast aALCyNO tS id= 
nificantly affected because the value of AW, extrapolated 
idethe Legion , 44.2% Toe RE ats aya se hopes is relatively 
insensitive to the assumed shift at ieee ms ocx 2, 

Thnewva lucssos Aut and ast obtained from the shift and 
line broadening data are in good agreement. The average 
values from the fits in Table XI are Aut ae /. One. O. os KCAL 


=k 1 1 


and ast =p 0 Oe te) 15 Ca lmmolmedec tas A value of 
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mol 
S703 x.l0e rad Eevee is obtained for the hyperfine coupling 
Soustant, tor the formyl proton from both thess0eMiz sand 
100 MHz chemical shifts if Wore is taken as. 3.00 BM in 
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The line broadening and chemical shift results for 
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NiCR(BF,) 5 and NiCRMe (BF ,) 5 in water, corrected for the 


diamagnetic-paramagnetic equilibrium, are given in Figures 


20, 21 and 22. The corrections were made using AH? = -6.39 
kcal ieee and AS. e= — ai oe Cad mol~tdeg™! fO% Nicr?, and 
AH® = -4558 kcal mol + and AS® = -15.3 cal mol ‘deg! for 
NicRMe?*, 


The solutions used to obtain the experimental data 
for these aqueous systems were unbuffered at pH w& 4. 
mwovwsamples; adjusted to pHi .6.,and. 7.6, showed no dift-— 
ference in the line broadening. Both the perchlorate and 
tetrafluoroborate salts of NicR?* gave the same results, 
within experimental error. 

It should be noted that no chemical shifts were ob- 
served in the NicRMe?* system. This result is probably 
due to the smaller percentage of paramagnetic form of 


a than NiCR?* (S22 wersus Sizpat25°C)aw tnus coe 


es 


NiCRMe 
observed upfield chemical shifts of 3-9 Hz in the NiCR 
system would be less than 5 Hz for NicRMe?t, even if the 
hyperfine coupling constants were the same. 

The temperature dependence of SE in water is 
Poiieiar ee. that in DMB however, no gos controlled region 
is observed because of the more limited liquid range in 
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broadening buteevuristobvious that (5 yo cannot be dis- 
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tinguished from (T yo for this system. 


2M 
The chemical shifts for NicR?* do not show chemical 
exchange effects since (Ty Avy)? << 1 and consequently they 
are described by eq 11. 
The results for Nicr?* in water have been analyzed 
in terms of eq 49, with Cy fixedsathe valuesot sluSex ne 


rad sec lox, as determined from the chemical shift measure- 


ments, and Eu = Eg held @constantvatdl <0) kcal "ola The 
least-squares fit of the 60 MHz data gave Aut #,628likcal 
-1 Baas ead | wi 
Nei synASta= =l4ae2ecalemoltsedeg and (Cy a Co) = 454.8 
sec’? The 100 MHz data were fitted with Cur Ey s Eo and 
Aut held constant»ate-225°x 10° rad sec '°K, 1.0 keal moi? 
anaeonolekeal mo lear respectively, and ast and (Cy + Co) 
varied to give the best fit values of -14.5 cal mo17tdaeg™? 


and 886.4 secate respectively. The good agreement between 
the ast Values@is@atmleastepartlyalortul tous_ buteateprovides 
some justification for the assumption made regarding the 


(T y~! activation energy. From the above 


2m) 
value of Cy at 60 MHz and Va = 3.00 BM, the hyperfine 
coupling constant for this system is calculated to be 
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aa for NiCRMe in water is 


2+ 


The behaviour of (To oP uy 


VETVasimilarwtostinate roren2cR However, due to the 


absence of chemical shifts, AWy could not be determined and 


the exchange rate parameters cannot be extracted from the 


BESULLS .-mHOWEVCrG ali Lters@assumed thatwtne Latktvolor G 


2+ Ze 


£oxn NECR and NiCRMe is the same in water and DMF, then 


i 
the 60 MHz and 100 MHz data can be fitted with AH' = 6.3 


cheb WGI Rea Sala = Geol erie eee ae ERi=eIAOakcadmnom 7 
The value of (C, + Co) is 6.97 x 10% sec* and 9.29 x 107 
sec + at 60 and 100 MHz, respectively. These parameters 


were estimated by a graphical fit of the data according 


= 


-1 2 : e 
to the ((To) ) hand Ty AWng contributions shown 


20 


in Figure 22, and are only included to show that the 


absence of any observed shift does not necessarily imply 


any unusual difference between NicR?* and NicRMe?t in 


water. 
Lheshould bemnoted that; “for the “aqueous esystems an 


alternative explanation based only on (T ee control of 


2M 


Gia ePA)r is possible, in principle. However, detailed 


Consaderationvofethis mechanism, ogivenwat thevend tof *this 


section, indicates that this possibility will not quanti- 


tatively explain the results. 


NiCR(PFe) in Acetonitrile 


The variations of ~log (T,5Py) and (AW Hsq/ Pm) with 


al E 


de fOr NiCR(PF¢) 5 An acetonitrile atyo0) and 00 °MHZ are 
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shown in Figures 23 and 24, respectively. For this system, 


the equilibrium concentration of paramagnetic NiCR(CH CN) 5 


3 
(PF¢) 5 Species was calculated at each temperature using, in 


dl, i 1 


eq 48, -4.16 kcal mol ~ and -10.8 cal mol “deg ~ for AH® 


and AS) respectively. The values of Pu were calculated 
from eq 47 assuming n=2. As a result of the inclusion of 
the temperature dependence of the diamagnetic-paramagnetic 
equilibrium, the chemical shifts shown in Figure 24 adhere 
perfectly to a Curie law temperature dependence. 

The temperature dependencies of Gea at the two 
frequencies are essentially the same as those observed 
previously for NicR?* and NicRMe?t in water. =The line 
broadening is determined by Ty Wy” at low temperature and 


by the frequency dependent T, relaxation at high tempera- 


M 
ture. The complete temperature dependence is described by 
eq 49. However, in the present case, the low temperature 
line broadening region of kinetic interest is better de- 
fined due to the longer liquid range of acetonitrile. Also, 
for this system, the observed upfield chemical shifts were 
large and these permitted an accurate measurement of A/n 
which is necessary for determining the kinetic parameters. 
Both the 60 and 100 MHz (TERY) Gs data were fitted by 
least-squares analysis to eq 49, with oe held constant at 
EPxepvalues calculated) from the chemicals shites..) wnerbest— 


Giceparameters are! givenwin Table Xi1T (fits Avand CC). Tt 


should be noted that, despite the agreement of E, at the 
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two frequencies, the values of Aut and ast from the two 
data sets are not in acceptable agreement. Furthermore, 


since. the Ty Ay and ca CONnETrIi butions, £0. the “ane 


broadening are not well separated, a large value of 2.4 


Pee nOlae was obtained for EF.) in, these fits...Forythe 


previously discussed NicR?+—pMF system, and for Nicr?* in 


methanol, the results of which will be given subsequently, 


the Gass region of line broadening was better defined. 


MeaeMes Otel .0O.to lecekcal “wa were observed for Ey in the 


latter two systems. Consequently, to resolve the difference 
between the kinetic parameters in fits A and C, the two sets 


fon GN =e data were refitted using progressively lower 


2p?) 
values for Eu: As shown by fits B and D, acceptable agree- 


ment of Aut and ast between the two data sets was obtained 


for Ey = AE Sti Pe cerewe molt, The calculated curves for the 


latter two fits are shown in Figure 23. 
Therefore, for eee in acetonitrile, the Cope) 


data at the two frequencies are most consistent with values 


A i i 


of 7.0 kcal mol ~ and -3.6 cal mol ~deg ~ for Aut and ast, 


respectively. Due to the difficulty of separating the two 
: cl 
frequency dependent contributions to (To pPy) ,othe) errors 


on Aut and ast are uncertain. From the measured chemical 


6 i 


shifts, (A/fi),, was calculated to be -2.66 x 10° rad sec. 
3 


NicR-t 


in Methanol 
EPVOESZOL -log (T5p5Py) versus T+ at 60 and 100 MHz for 


the methyl and hydroxy protons of methanol solutions of 
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Nicr?* are shown in Figures 25 and 26, respectively. The 


temperature dependencies of the chemical shifts for the 
ewOeprotons, each at 60 and#l00 MHz, are shown in Figures 

27 and 28, respectively. All of the data have been adjusted 
to include the effect of the diamagnetic-paramagnetic equil- 


ibrium on P using WAH = —-4.26 kcal mole endg ho: = aul 15 


i 


M’ 


deg ? 


cal mol ined 4a) 
Most of the line width and chemical shift data for 
this system were obtained using solutions of the tetrafluoro- 
borate salt due to its greater solubility in methanol. 
Dilute solutions contained anhydrous 2,4-dinitrobenzene- 
sulfonic acid, which was necessary to collapse the coupling 
Ometne Olwand CH. protons. The absence of an acid depen- 
dence for this) system was confirmed by comparing the results 
from more concentrated solutions of NiCR(BF,) 5, Lequiring 
no acid, with the results from the acidified solutions. 
Some chemical shift measurements were also made on solutions 
of the nitrate and hexafluoroantimonate salts of NicR?* and 
these were found oo be in agreement with the results for 
the BEG) Sa tees lhe latterasoimitlonsedad motecontaingacia 
and this precluded a measurement of the true line widths. 
Aside from the Coe) es frequency dependence, which is 
observed for NiCR oD in various solvents, this system is 
very unusual in that both the (as aa and (AW psa’ Pm? 
data for the OH and CH, protons are vastly different. It 


should be noted from Figures 27 and 28 that the OH proton 
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Figure 25: Temperature dependence of ~log (T,5Py) for the 


methyl protons of methanol solutions of 


NiCR(BF,) 5 at 60 MHz (o) and L100 MHz (OQ). 
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Figure 27: Temperature dependence of (AW Dsa/Pm) for the 


methyl protons of methanol solutions of 
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chemical shifts are much smaller than those for the CH 
proton, and also that the two different protons are shifted 
LneoOppositesedinrections. | ithe CH, proton resonance in 
methanol solutions of Nicr?* is shifted downfield and the 
OHS PEOLON resonance iceshittedjupfield;, relative to their 
diamagnetic positions in a blank methanol solution at the 
same temperature. This opposite sign of AW psd was main- 


tained throughout the range of temperatures investigated. 


The temperature dependence of (Aw /P wy) £om the sivo 


obsd 
protons at high temperature is also different. With the 
inclusion of the temperature dependence of the diamagnetic- 
paramagnetic equilibrium, the CH, proton chemical shifts at 
high temperature behave normally according to a Curie law 
temperature dependence. On the other hand, the OH proton 
frequency shifts in the fast exchange limit decrease more 
rapidly with increasing temperature. These differences in 
the behaviour of the chemical shifts of the two protons 

ace sattributed)tora large upfield shift,.from, a_pseudocontact 
mechanism for the OH proton, the overall temperature de- 


a 2 


pendence of which includes both T ~ and T “ contributions 


Pseeped el). sFOmetherCH eprotons; the downtlela chemical 


) 
shifts arise solely from the contact mechanism having only 
att temperature dependence. A further discussion of 


this pseudocontact shift of the OH proton will be given 


Subsequently. 


oa 
The temperature dependence of (T.>Puy) for the CH, 
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protons is qualitatively similar to that observed for the 


CH proton 1neDMr solutions=of NicRr?t and the same inter- 


pretation of the three limiting regions of line broadening 


applies." For the OH proton, the same!’ processes account for 


aD 


the temperature dependence of (DER , but due® to the 


largers vyaluerors (i. 3) 7 and the apparently smaller value 


2M 
of AWy, fer the-OH=proten than® forthe CH, protons, the 


A contribution is not resolved from the frequency 


MOM 
dependent CO contribution.” ~A\ comparison® of * the data 
of Figures 25 and 26 shows that the same frequency depen- 


dence of (T = is observed for both protons. The poor 


2m) 
separation of the relaxation processes for the OH proton, 
and the limited temperature range over which limiting con- 
dition 25(c) applies, prevents an independent determination 
of Bon Aut and ast for the solvent exchange reaction using 
the OH data. However, it will be shown below that the 
exchange contributions to the line broadening and Erequency 
Shit Piss Or) DOth*OHeand CH protons are completely consistent 
with only whole methanol molecule exchange. 


The 60 and 100 MHz ( yh methyl proton data were 


ak 
2P 
fotted to eq 2, modified by the addition of 2 ome term. 

Since the outer sphere line broadening region was not ex- 


perimentally attainable, a reasonable estimate of the 


magnitude of this contribution was made. In this regard, 
: : -l 

it was assumed that Eo = Ey and? thaw. Eherratio, Sys olive 
ee) Te mihasila valuestoree38 INS Thistvalue wastestimated 
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from the T measurements for nickel(II) in methanol, given 
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iy Eroure rs of rer 23 rhe (An ) measurements at 


oped i 
Sac © requency were Lutted sto eq 8.’ vin all of these fits 


of the CH, proton data, the temperature dependence of AWny 
given by eq 11 was used. The results of the least-squares 


fits areysummarized in Table XIILT. dt should be noted that 
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Tom) 
tion energy as indicated by the OH proton nee ie data. 
It is felt that this is justifiable since this parameter 
is more precisely defined for the OH proton due to the long 


temperature region in which only (T ye contributes sig- 
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Maticantly. The OH- proton data are also more accurate in 
this region due to the larger experimental line widths. 
The agreement in the parameters Aut, ast and Cy obtained 
from the various data sets is satisfactory and provides 
justification for the assumptions made. 
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In the case of the OH proton, the Gee eta and 


(A /Pu) data were also fitted to eq 2 and 8, respec- 
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tively, with the temperature dependence of Awa according 


to eq 12, being now given by 
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e 
Aw, = — + > (50) 
ah ae 
miewtirst term of eq 50) contains the combined (contributions 
of the contact shift and the portion of the pseudocontact 


Ssuirt with a we temperature dependence. The second term 
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of eq 50 arises only from the pseudocontact shift mechanism. 
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The constants Cy and Cc, were obtained from the intercept 


andms Lope, espectively, of ap plot or —{Aw q/Pm) Tt versus 
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T. This plot is linear in the high temperature region 


where Aw ~AWy AGTLO0 MHZ, the’ constants are: 


Cy lox and Gy = 1.25°x Wh? seal Grae” 


Ac oO" MHZ, Cy and Cy are predicted to be 6/10 of the above 
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values. An independent determination of Cy) and c, from the 
less accurate 60 MHz OH proton frequency shifts was not 
attempted, but no anomalies were introduced in the fitting 
process by assuming that these constants at 60 MHz are 6/10 
of the values at 100 MHz. 

The appropriate values of Cy and Cy were held constant 
in all fits of the 60 and 100 MHz Gea > and (AW nsq/Pm) 
data. As in the case of the fits of the CH, proton eee es 
results, an estimate of the outer sphere broadening contri- 
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Upeahae : aie have been observed in several 
instances“>"*® tO) bG7 5,0 Vand 1.64, respectively, ton sys— 


tems in which dipolar interactions account for both inner 


and outer sphere broadening, these ratios along with the 


; -1 -l1 Pega nAsey 
eatioO; ‘Tow cH, : (T56) cH ~ 3.1, were used to estimate 
the magnitude of the ia term tor the OH proton) in. che 
NicR- —-methanol system. Assuming that E, = E CEC was 
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estimated to be 0.106 and this value was used in the 
fitting process. Since it was not possible to obtain an 


independent value of Aut LGOmenlcs, Ole t1SsOneDLOtOn 
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ak data, for reasons discussed earlier, the value 


opPm) 


Of Ant obtained from the analysis of the CH, proton results 


3 
was used. The best-fit values of the adjustable para- 
meters: ast, Ey and Cur for both the 60 and 100 MHz fits are 
given in Table XIII, and the calculated curves are shown in 
Figure 26. The good agreement of the values obtained here 
LOU ast with the values indicated by the CH, proton results, 
Bima SOmtne cjudlaity, Of theatits ,eindicates: thatetic: On 
and CH, DprLOLOnS exchande aisthe same Tate. 

The values of the (ee ee parameters at 60 and 100 MHz, 
given in Table XIII, were used in fitting the OH proton 


Aw g/m results ‘toweq, 8. Hor the more accurace 1 O0gMHz 
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data, both Aut and ast were allowed to vary and the best- 
Gieevalues are given in Table XI11. These are) in excelient 


agreement with the previous determinations. In the case of 
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the 60 MHz chemical shifts, it was necessary to restrain 
aut atethe value indicated in Table XIII. Thus only ast 
‘was allowed to vary in obtaining the calculated curve 
SsHowne nebigure 626 yeeAl thoughpquite a afew.of sbheidata 


points einithe region 3). 90e< 10° /t <4, 55 eliehelOsebelow 


Eiescalculbated curve, FLhesqualityreok thesfiteisecoensidesed 


Losbegsatisfactory sin viewsopathe iiectuthatethens0 MHzEOH 
proton chemical shifts were generally under 10 Hz at this 
frequency. 

From the average of the several independent deter- 
minations of Aut and Ast wndicated inhTable-Xiiiieat is 
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concluded that for methanol exchange from NiCR’ , Aut and 


ast, together with their experimental uncertainties, are 
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\respectively. 


The coupling constant for the hyperfine interaction, 


which is assumed to be solely responsible for the chemical 


Sitrieor the CH, protons, was calculated from eq 10 using 
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the 60 MHz value of 3.96 x 10° rad seci+°K: for Cc, and 
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rad pccact For the OH proton, (A/D) on cannot be determined 


since the observed OH proton chemical shifts arise from 
both the hyperfine and pseudocontact mechanisms. 

The absence of a significant pseudocontact contribu- 
Bron, tojthe CH, proton chemical shifts in this system is 


scribed) to, the’ facts that. themanguilar geometry sterm, 
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(3cos7Q = 1 )7, ois neqlaginbles tor the CH. PrOLons.oO Decne 
methanol molecule in the first coordination sphere of 


ae Lt shoule@bae noted thet this condition 16 saticrica 


NiCR 
if the angle 2 between the line connecting the nickel (IT) 
in NiCR(CH,OH) .°* with the CH, protons and the symmetry 
EecLomi se 25° . saci nce for Nicr?t, the symmetry axis passes 
through the amine and pyridine nitrogens, coplanar with 

the approximate plane of the Schiff base complex, a value 
Ofe~55 for cas is consistent with a reasonable orienta- 
tion of the coordinated methanol molecule in which the 
hydroxy proton points toward one of the azo-methine 


nitrogens. Therefore, = 90° and th vs. resus ean 


Or 
the largest possible negative value of -1l for the (3cos7Q = 
Iyecerm, thus favoring a pseudocontact shitt of the OH 
proton. 

In principle, the values of c, and c,, determined from 
the study of the OH proton chemical shifts, can be used to 
evaluate some of the physical constants in the pseudo- 
contact expression (eq 12). However, in view of the large 
number of unknown parameters, it is only possible to make 


@ tew estimates. it should be noted from eq 5l—-a Ehat, in 


view of the sign of Cy and the expected positive value for 


(A/D) ons the second term in brackets arising from the 

pseudocontact contribution must be negative. Since the 
Z s di d ab 

term, (3cos°2 - 1), is negative, as discussed above, 


(9 = 94) must be positive. Thus the positive value of Co 
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in eq 51-b requires a negative value for the zero-field 

SOLucLinge term Dae ltelt Lo assumed that (A/A) on is ~19% 

larger than (A/D) og measmoosemved: for nicke LCL) stonwin 
§} 


° 
aneoelpernent == andethat: (R) = 209A and (2) Ops = 90°, then 


OH 
from the experimental value of Cyr (g“ = g*) is calculated 
Pome lw 4 Th voereguigesraglargcuanisoLropyn  neLic ad 
values. In order to estimate She Sh and D, using any Ske 
perimental value of Cy in eq 51-b and the above value of 


(g- - a4), the following relation®? was employed: 


Det oes) (51-c) 


where } is the spin-orbit coupling constant. Since it is 
required that the value of i for NiCR(CH,OH) .** be greater 
than the free nickel(II) ion value of -322 cmt, a reason- 
Able estimate of -300 cm + was assumed. ‘Thus, it was 
found that Sur Ty and D are; "respectively, "32957, 9s.972eand 
=ky camomile Although the estimates given here are sensi- 
tive to the various assumptions regarding A/f, R and Q for 
the OH proton, and are also quite sensitive to the error 


SEAS ED heel gy Se. resulting from the long extrapolation required 


i 
to obtain the intercept Cy it appears that additional fac- 

tors are responsible for the unreasonably large estimates of 
el and g, given above. In particular, it might be expected 

that the absence of axial symmetry in the NiCR(CH,OH) .** 


complex may render eq 12 inapplicable for the present 
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system. To investigate this possibility further, the ex- 
pression for the pseudocontact shift of a nonaxially sym- 
metric system was developed’? from the general expression 
moO SeNespScucecontact snret, <gqiven as -eqral7 "by “Kurland and 


MeGarvey.*/ ie was =Loundsthat: 
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where g_, and are the components of the g tensor, D 
x’ J Sz 


Dy 
is the zero-field splitting arising from the tetragonal 
CvetOntion,unels the additional, 2zero-Lieldsparameter Chaim 
actercizing. the rhombic distortion, and jois thesaigte 
between the projection of the unit vector, which joins the 


metal ion nucleus with the ligand nucleus, onto the 2y plane 


and the x axis. The zero-field splitting parameters D and 


Beare related to the g tensorscomponents Saas 
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In the case of axial symmetry, E = 0, : oy aides Geae Sa? 


and therefore, the pseudocontact shift expression given by 
eg 5l-—d reduces to eq 12, as required. 

It should be noted from the structure of NicR?*, given 
as ifa) in Chapter I, that if the inner sphere methanol 
molecule is orientated so that (2) on ~ 90°, then taking the 
K-akis to be the one perpendicular to the approximate plane 
of the molecule, the angle w, defined above, is <<45°. Con- 
sequently, the term involving cos(2y) in eq 51-d does not 
Vanish, as would be the case if y = 45°. However, it was 
found that the contribution of this term to Cy and C5 is 
relatively small, and therefore, in the following discus- 
Sion the term involving cos(2y~) was neglected. With this 


assumption, the experimental aoe ee | is now defined by 
Feat + 9 


eg 51—-a with the term (g, ———— replacing (g? _ Fre 
4 
The experimental value of c, is now given by 
2 2 
2¢°w.(3cos*9-1) (, 5 Gy, (D-3E) + gy" (D-E) 
C5 = —(2g,, D = ——_——— (51-g) 
+ ae | 6 2 
9k°R 


Obviously, a closed solution for the constants: D, 


E, Sys Sys and g, is not possible, but assuming that A 
-300 on = and using the values of R, A/f and 2 for the OH 


proton, given previously, it was found that one solution 
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ist g, = 2.00, g, = 2.63, g, = 2.68, D = -54.9 a Beal 


Re=) 47.1 emt, The aie peas of the above g values are 
much more reasonable than those which were obtained previous- 
ly assuming axial symmetry. These estimates also show 

that the g component in the direction of the azo-methine 
matrogens! (y-axis) is not much different from the g com-— 
ponent in the direction of the pyridine nitrogen (z-axis). 
This does not appear to be unreasonable. It must be empha- 
sized, however, that in view of the number of unknown para- 
meters, the various assumptions made, and the errors in Cy 
and Cy, no great Significance should be attached to the 
above estimated values. The only conclusion which can be 
reached is that the calculated results are consistent with 
a large Sevens le One take Shift of the OH proton in methanol 


solutions of NiCR?*, 


NiCR(PF in Dimethylsulfoxide 


62 
Figures 29 and 30, respectively, illustrate the 
temperature dependence of -log (T,,Py) and (AW Ksq/Pu) # at 

S0eand 9100 MHz, £or NiCR(PF.) 5 in DMSO. The data shown 
have been calculated from the observed line widths and 
enemical shitts assuming. n = 2 in eq 4. Tt was found tor 
this system that the equilibrium constants, calculated 
from the AH° and AS° values obtained from the magnetic 


susceptibility measurements (Table VIII) and from the azo- 


methine methyl proton contact shifts (Table IX), give rise 
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Temperature dependence of ~log(T,5Py) at 60 
MHz (o) and 100 MHz 


Figure 29: 


(A) for the methyl protons 
of dimethylsulfoxide solutions of NiCR(PF.),. 
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Figure 30: Temperature dependence of (AW bsa/ Pm) at oO0P MHz 


(o) and 100 MHz (A) for the methyl protons of 
dimethylsulfoxide solutions of NiCR(PF¢) 5. 
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to an unreasonable over correction of the (Aw /Pryy) data, 


obsd 


making the values almost Ponies teas independent. There- 
fore, no corrections have been applied to the observed 

data for the diamagnetic-paramagnetic equilibrium. Al- 
though the magnetic susceptibility and ligand contact shift 
measurements both indicate values of approximately -4.5 


1 


Peal erolemeand a%e6keae wolm deg + £OGeAHS and aAGe, 


respectively, the (Aw g/m) data appear to require AH° 


A ls 


obs 
ee {4 Sekcal molaaeand AS° sa-%.6+cal, mole deg... inyorder 
for the corrected bulk solvent chemical shifts to be Curie 
dependent. These latter estimates of AH°® and AS° were cal- 
culated from the solvent chemical shifts on the assumption 
that the percentage of diamagnetic species is negligible 

at ~20°C. From the point of view of expected errors of AH°® 
and AS°, determined by the susceptibility and contact shift 
measurements, the required difference of 2 cal mol ~tdeg™+ 
for AS° would not be an unreaSonable error, but it was 
found that a refit of the azo-methine methyl proton contact 


Sn beas wiethaAH?-=.-4.5 kcal io Ee and AS°°="-7/26 Cal “tex 


deg held constant, resulted in an unacceptable fit. No 
reasonable explanation has been found for the discrepancy 
discussed here. It would seem that since the two indepen- 
dent measurements of AH° and AS° gave essentially the 

same results, the discrepancy is related, for the most part, 


-1 : : 
DD letOsu 
-o.the (AW psa’ Pm) and (T5pPy) data which fal o decrease 


as rapidly at high temperature as is predicted by the results 
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Gre thewecquritbrium=stucaites. However, Since the measured 
bulk solvent chemical shifts were large (see Table LIV) 
and reproducible for two samples containing 0.125 m and 
0.434 m NiCR(PF.) 5, the problem is not one of inaccurate 
chemical shifts. 

The* presence” or chemical” shifts for this system, and 
the absence of chemical exchange effects in the (ase ee 
data of Figure 30, indicates that the temperature dependence 


vrs LSMdicet Om Bo vaxdtclOneaccCOLe 1G som liinicanc 


Ores OM 


2pm 
eondteton. 25a) or 26(a). sOnuthe basis: of thesresults for 
wicr2t in other solvents, discussed previously, the former 
of these limiting conditions is the most likely. The 

high melting point of DMSO (18°C) prevents the temperature 
; contripu- 


from being lowered enough to observe any tT 


-1 : 
pe) othe Tou relaxation for this system in 
a 


Moy 
LOnss tO (T. 


dicates an apparent activation energy of ~2.6 kcal mol 


and a maximum frequency dependence of (100/60) *. The sig- 


nificance of these two features will be discussed in the 
following section. 


From the 100 MHz measurement of Gap) S Bivere 5 Cera 


+. 
lower limit for DMSO exchange from NicR? is estimated to 


icueno . Onese Aor ga. The hyperfinestcoupling (constant sor 


the CH, protons of DMSO is 8.1 x 10° rad sec? assuming 


eee 3.00 BM. This value of (Aff) was calculated from 


the value of (Aw g/ Pw) at) 25°; the latter being inter 
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polated from the data of Figure 30 on the assumption that 
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the concentration of diamagnetic form is negligible at this 
temperature. Since the magnetic susceptibility and contact 
‘shift measurements indicate that % Of NiCR(PF) 5 exists 
in the diamagnetic form at this temperature, the above 
value of (A/m) may be in error by this amount also, but the 
amount of the correction remains uncertain as described: in 


Ehespreceding paragraph. 


Magnetic Field Dependence of Tou and T50 fOr NicR?* and 
2+ 


NiCRMe 

The Schiff base complexes, Nicr?* and NicRMe**, have 
been found to show a magnetic field dependence of the Tom 
relaxation time for the solvent protons in the first co- 
ordination sphere of the metal ion. There is also a strong 
indacation that this occurs in the ‘second and higher or 
outer coordination spheres. Previous work has not indicated 
such a phenomenon for nickel(II) systems and some explana- 
tion seems to be required. 

Consideration of the theoretical expressions for 
‘Teale and eg (eq 13 and 23) and the definitions of 
the effective correlation times, £, (tp) and fee (eq 14 
Brawls) eshows tidt df these COrrelatlon ulmesmaresr1e1d 
dependent, then Guede and ee should decrease on 
changing from an nmr operating frequency of 60 to 100 MHz, 


ost ak 1 


since w. changes from 2.48 x 10°" to 4.14 x 10” rad Secu 


However, the opposite effect was observed in this work, 
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and therefore, it must be concluded that the individual 
correlation times, defined by eq 16 and 17, are themselves 
field dependent. Since only Tie and Toe in eq 816 gand 17 


can be field dependent, it is necessary that Bea et 


It should also be noted that the field dependence of 


ire, observed here for NicR?* and NiGhMewe cannot arise 


M° 


(To 
exclusively from the hyperfine term of eq 13 since the 
values of (A/f) determined from the chemical shifts would 
require electron spin relaxation times which would be un- 
usually large for a nickel (II) complex. Instead, it is ex- 
pected that both the dipolar and hyperfine terms of eg 13 
contribute to the magnetic field dependence, the former 
much more than the latter. 

Expressions for the field dependence of Tie and Too 
have not been developed for the exact conditions found in 
this work. The equations of McLachlin, given as eq 18 and 
19, have been developed with the assumption that T_< Ties 
Which “appears, not tobe tvalid forthe isystems being .con- 
svdenedae Itsseems, bikely tthatbthe yfunctional form of the 
frequency dependence will be given by these equations, but 
complete quantitative agreement need not be expected. It 
is encouraging to note that eq 18 predicts a maximum ratio 
G@£12+78 efor the longitudinal electronespin relaxation times 
Bo Oard \l00.Mizeand "this rabiogisenever exceeded@riorathe 

2+ 


systems studied here. For NiCR™ in DMSO, the ratio of 
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solvent systems, this ratio varies from 1.95 to 2.43. In 


Ehescase ol NicRMe?t, a smaller frequency dependence of 


eae Was Observed; @tnerabove ratio being) 1.33tor 


NiCcRMe** in water ance! .59) tor NiCRMe** in DMF. 


eat a) 


In evaluating the experimental ((T T56) 


results in terms of these equations, there are three un- 


2M 


Knowns: T Girancd dy or x,, assuming pe in eq 18 and 19 


Et Te 

can be identified as Tea and two experimental numbers, the 
relaxation times at 60 and 100 MHz. An iterative procedure 
was used to determine these unknown constants using the 
ratio of the relaxation times at the two frequencies as a 


preliminary guide. Also, previous results from the study 


24 753 


of the vanadyl ion in the various solvents provided 


# and d.- The 


a+ and NicRMe*t in 


some guide to reasonable values of Teer 2s 
results of these calculations for NiCR 
water and DMF are summarized in Table XIV along with the 


’ observed and calculated (T yt and ten Contributions 


2M 
Sime Dor oll Lat results .ror eee” in methanol, acetoni- 
trile and DMSO are given in Table XV. 

{ft is evident from the results in these Tables that, 
BOT Nicr?* in the various solvents, the calculated Tie 
Values at 60 MHz, which fall in the range 3.1 x Tomes to 
gles ae Sec, are in line with expected values ior 


+ 
nickel (IT) ponies eae For NicRMe? , the calculated 


v4 values are larger but not unreasonably so. “in all 


le 
2h 
Cases, except for NicR?* and NiCRMe in DMF, an acceptable 
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TABLE XIV 
Parameters and results of rel) and sf) calculations 
for NiCR? and NiCRMe” Gn DME and water 
DMF Water 
NiCR@’| WicRMe*’ NaeR-™ NicRMe?* 
Le -1 §) 60 MHz 118 ©5219 6.15 9.43 
10 x (T5,) 
100 MHz 2.74 8.24 1250 12.6 
dit, 5.75 5.80 4.65 4.86 
«wee | 60 MHz 3.83 15.8 18.5 28.3 
x 
2M’ obsd 100 MHz 8.92 oe 36.0 SW) 
af (c) } 60 MHz 3.83 15.8 18.5 28.9 
. ; 
2M’ calcd 100 MHz Sul Ae: 3507 Wht 
1072x (@ fan 60 MHz 0.23 2.93 01057) mo sla G? 
x 
2M’ HF 100 MHz 0.67 8.08 One7 0.13 '%) 
1014% +, sec 5.80 5.80 1.75 1.00 
i). 65 0.415 .918 
IO sxe Tie! sec 60 MHz 0.6 0 
1013 x Toa Bec 0.42 256 14.4 
fo--ec . sec" 27.5 3.8 13.4 3.68 
ti, 3.94 4.10 2.80 2.86 
(a) The Tom and Too values are given in sec. 
(b) Since no outer sphere broadening was actually observed, the values given 
are pased on reasonable estimates of the (oe (T yr Gatalor 


“2M 
The sum of the dipolar and hyperfine contributions calculated from eq 13. 
The hyperfine contribution calculated using the (A/h) values given in 
the text. 


The (A/Ai) used here was estimated as explained in the text. 
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TABLE XV 


Parameters and resuits of T (a) calculations for 


20——_——————2M 


Nicr?* in methanol, acetonitrile and dimethylsulfoxide 
oe eee 2 ee DOS GL Me CYS UROL Ge. 


= 


Methanol Acetonitrile Dimethylsulfoxide 
CH, OH 
Ls ~1 §) 60 MHz ‘eee 2.20 0.43 0.42 
THO} ke (T55) 
100 MHz 2507 5.05 0.99 16 
ap; A 6.75 pay 9.4 6675 
wee 60 MHz ALi 2056 1.00 0.88 
x 
2M’ obsd 100 MHz Op sae pes 2.48 2.44 
a -~1.  §)( 60 muz A112 ame 206 120) 0.88 
L@ Se (GR. 
2M calcd 100 MHz Oasys 4458 2.47 2.44 
5 -1 9) 60 MHz Ocape OFSsh 0.34 0.01 
LO) Se (UR) (e) ; 
2M° HF 100 MHz cee aS L 0.93 0203, 
rh) 
IMO “aa% Tyr sec Big HI I) Gish >> Tie 
10215 THE, 'éc 0.66 0.72 0.31 
13 e 60 MHz 
; 0.46 S 
Te Oimeees Toor sec i o@) 
fo" “>. Ee ee 175 25.1 Le, 
ay x 3.90 2.95 5.3 4.5 


(a) The Tom and T,, values are given in sec. 


(b) Since no outer sphere broadening was actually observed, the values 


Zee 


given for NiCR in methanol are based on reasonable estimates of the 


- 2+ 
) 1 


(755 Gees ratio used in fitting the (Tope yh data. For NiCR 
in acetonitrile and DMSO, the estimated ayo contribution was cal- 
culated using the outer sphere interaction distances given in ref 24 for 


vanadyl ion in these solvents. 
(c) The sum of the dipolar and hyperfine contributions calculated from eq 13. 
(ad) The hyperfine contribution calculated using the (AAi) values given in 
the text. 


(e) For the OH proton, (A/h) was assumed to be 19% greater than Blas. as 


: , 72S} 
observed for nickel(II) ion in methanol. 


jes) 


account of the frequency dependence of (T...) : was obtained 


2M 
by uSing, in eq 13 and 23, inner sphere interaction dis- 
Wances which have been observed for hexasolvated metal ions. 
For NicR?* and NicRMe?* in DMF, the inner sphere interaction 
distances (Lion are Significantly larger than the value of 
Lah obtained for the Wen Toni) pr. 74 This feature, 
along with the observation that (Ci )oy is greater for 


NiCRMe (DMP) ,** 


han aos NiCR (DMF) ,**, is consistent with 
the presence of steric interaction between the Schiff base 
ligand and the inner sphere DMF molecules. This would be 
expected to increasSe upon substitution of a CH, Group Lor 
the amine proton. The values of da LOL Nicr?* in methanol 
are also larger than for normal octahedral systems but this 
may not be unreasonable in view of the presence of a large 
Schiff base ligand. It should be noted, however, that 
these outer sphere distances are merely estimates since no 


(T5) i controlled line broadening was observed in any of 


a in DMF and water, and 


=a 


the systems. For Nicr?* and NiCRMe 
for NICR-” in methanol, the indicated values of (T55) 
were Calculated from the dipolar correlation times and the 
ill it 


Sceimates OL the ratio, (Toa) (T50) , found to be ac- 


—-l 
Septavie=an Litting the (T.5Py) data. In the case of 
: =. 
NicR2* in acetonitrile and DMSO, the estimated (T55) con- 
tributions are based on the values of dg reported in ref 


24 for vanadyl ion in these solvents. 


SRO + 4 
The values of is CotLamned .O GeNLCR in methanol and 
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acetonitrile are in good agreement with the ae values of 


11 sec and 6.2 x 1024 sec determined from an 


4 EAP Oe 
analysis of the epr spectrum of the vanadyl ion in methanol 
and acetonitrile, respectively. However, the To values 


£Or NicR?* and NiCRMe* > 


in water and DMF are about a factor 
of Gtwotsmaller than “the we values given in mee 53) form the 
vom ion in DMF and water. On the whole, the values are 
more reasonable than might have been expected considering 
the approximate nature of the theory. 

It may be noted that for Nicr?t in DMSO a value of pe 
cannot be calculated since for this system a maximum 
frequency dependence was observed, and consequently, the 
dipolar correlation time Th Lom tine Tom relaxation is deter- 
mined exclusively by the electron spin relaxation time Tie? 
In terms of eq 18 this maximum frequency dependence implies 


that (wot)? >> Gl APand@theretore,z .T is given by 


le 


th = (52-a) 


TiieeCOncenton } (wot)? >> 1, required here, is not un- 

reasonable since for the vanadyl ion in DMSO the analysis 
=O 

Of the “epr spectrum gaveva value of 1.2-x -10 SecCeaLoOu 


se Thus, assuming t. = t,, the value of (Wot)? at 


TL. Cc 1G 


60 MHz is 738. However, these considerations would lead 
to the conclusion that a maximum frequency dependence 


: 2+. ‘ 
should also have been observed for NiCR in DMF since 
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previous results”> have shown that Ris for the vanadyl ion 
in DMF. is. not Significantly different from. that in DMSO. 
BouatiOonio2-a alsomsugqgests that thevactivationsenergy for 


the Toy relaxation in the DMSO system should parallel that 


ODeTseel. T, can be interpreted as TA: Although the activa- 


2+ 


tion energy of T was greater for NiCR ins DMSOs{e 2.6 


2M 


kcal mol‘) than for any of the other solvent systems, it 


is still significantly less than the expected activation 


SNeroVe rors DMSO avi SCOSL LY aWiadch LS ao). DekCal moulin This 


disagreement would of course be greater if the Top Puy) ee 
data were corrected for the diamagnetic-paramagnetic 
equilibrium which is evidently present on the basis of the 
Magnetics susceptibilityeand, contact shift, results... Thus, 


the (T, =e values are not decreasing as rapidly with in- 


pPy) 
creaSing temperature as is required by the results of the 
equilibrium constant measurements. 

It was pointed out previously that the temperature 
dependence of (To pP ve =e in the aqueous systems might be 


explained solely by a T, relaxation process. This could 


M 


result since approximately 


)pecer Seana Re (52—)) 
ture limit (w_1.)% << 1 and (T,.P,,) ~ 

In the high temperature lim Syl 2p Pu 

should decrease as the temperature decreases, then vary 


i ; 2g : 
slowly with temperature when (w.t,) = 1, and finally, 
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P jit Should increase as the temperature decreases 


(Tope 


further when (wot) >> 1. The results might be explained 
by assuming that the latter condition is approached in the 
lower temperature region in water. However, calculations 
indicate that, assuming ek aa and using reasonable values 
Onaga cco EO) ‘heal oles for the apparent activation energy 
of ce it is not possible to have both the low temperature 
and intermediate cases within the narrow liquid range of 
water. This is especially true at 100 MHz since at this 
frequency Coe must be significantly greater than one 

Tie Lesa lso greater’ thant one! ats 60: MHz. 

Considerations Similar to those above do provide an 
explanation for the higher apparent values of Ey at 100 MHz 
than at 60 MHz which were evident for Nicr?* and NicRMe?* 
in DMF and water. At 100 MHz the system te closer to the 
(atime (wot) > 1 and therfore EM will be closer to the 
value expected for the activation energy for oe thawwe1s;, 
Seewkcal fola inswater.,andse~2.5ekcall mol + in DMF. 

The kinetic results for Nicr?* and NicRMe** will be 


discussed in relation to the results from other nickel (ITI) 


complexes in Chapter IV. 
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9. Solvent Proton NMR Line Broadening and Chemical Shift 
2+ 


study\orethe Nickel (Il) Schlitt Base Complexes, NiTRI 
and NiTaAAB*T, in N,N-dimethyl formamide 


In this section the results of the proton nmr investi- 
gation of the N,N-dimethylformamide (DMF) solvent exchange 


rates of the two nickel(II) Schiff base complexes, tribenzo- 


(py s 1, oF | triazabicyelododecinenickel(iL)| NiTRIOD, and 


tetrabenzo([b,f,j,n][1,5,9,13]tetrazacyclohexadecine- 


WEEK esl) s NiTAABT, are presented. The complexes are 


shown as structures ITI and I1,-respectively, in Chapter I. 


It should be observed that unlike NiTAABST, which exists as 


a tetragonally distorted pseudo-octahedral complex in co- 


ordinating solvents, NitRI?* coordinates three solvent 


molecules to form a normal octahedral complex. The study 
of these two structurally different nickeli(11) Schiff base 
complexes was carried out in order to compare the effects 


of the two macrocyclic ligands on the solvent exchange 


mates and to compare NiTAABC* to the previously studied 


Nicr?* and NicRMe*t complexes. The latter two complexes 


have quite high solvent exchange rates and the question 
Brases  as*to whether this ts**gqenerally true’ for alletetra-— 


Honda llvadistortea nickel (1 b)F complexes: or- ih Specieicre lecq 


: : et 
Colonie! andestericreffects are operatives ine the Nick and 


NicRMe** systems.. Lt was alsovof interest bo determine wat 


: ae 
the similarity in the water exchange rates for Ni (OH) ¢ 


7 


and NiTRI (OH) 3° also extends to the DMF system. 
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NiTRI(CLO,) 5 in N,N-dimethylformamide 


Figures 31 and 32 show the temperature dependence of 
Gee er) ae and (AW obsq/Pm) & respectively, for the formyl 


Procouein DME “solaitions  OraNiTRiic10 The investigation 


a)2° 
OLathis System was Anitiallyscarried out on the nitrate 


salt but it was observed that the line broadenings were 


Significantly different for NiTRI(NO and NePRi(Clo 


3) 2 42° 
Also, the downfield chemical shifts for the nierate cate 
were conSiderably smaller than those for the perchlorate 
salt and they were found to be in disagreement with the 

line broadening study. These differences were attributed 
to nitrate complexing in DMF and only the results for the 


perchlorate salt are given here. The (T ye results 


ap Pm 


(Toy) 9 Ty Atay + ie and Gs) regions 


show the typical 
Ofeline broadening described) by limiting conditions 25 (a) )— 
25(d) (Case A). The results in the high temperature region 
clearly show that as the temperature increases the 100 MHz 


data is converging towards the 60 MHz measurements as 


it aan becomes the dominant term in eq 2. Since the 
activation energy is not well defined, the assump- 
tion is made that the same mechanism determines Gey 


and Qa ayeer and consequently, Ey = Eo: The 60 and 100 MHz 
a data have been fitted to eq) 2, modified bysthe sad— 


Prtion of agterme(T eee and the (AW n5q/Pm) measurements 


20 


to eq 8. The parameters resulting from these least-squares 


Pits are summarized in Table XVI. 
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Figure 32: Temperature dependence of (AW Vsa/Pm) for the 


formyl proton in N,N-dimethylformamide solu- 
Pronssoe Ni (TRI) (C10,) 5 atcarlO ORM Zant seman 
60 MHz (0). 


| TABLESAVL 


Least-squares best fit parameters for 


NiTRI(C1O,) 5 in N,N-dimethylformamide 


oo 


CE aS Data AW nsa/ PM Data 
60 MHz 100 MHz 60 MHz 100 MHz 
Meieecal mol ISRO © AEBS ag ie! 
Reece cine i= tdeqe 6.28 ena 6037) 16-56 
MOMeescece; rad secur ’Kn aa4n 13 Te 4.20 7.00‘) 
Ey = Eq: keal mol ~ Dea 2a) med oy ai 8s 
osec es TS0el = 150 eens om Cs ee 
Co: BcCa 1036 ALORS) ral) - — 
(a) The parameters defining Cae and iis have been 
held constant as determined by the 60 MHz (as Bul ts 
(b) Held constant at value given by 60 MHz (Tabs ie hen 
(c) Held constant at value given by 100 MHz (52) (Ba ee 
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Excellent agreement is obtained for the Aut and ast 
Values from the: different data sets. It seems reasonable 


to conclude that AHT and ast are” loo 2. 0.25ekcal ole and 


PSone cal mol 1 


J. 


deqgua, respectively. The value on 4.2 x 


36 : 
NO OS ang. 2 gM for Vere yield a hyper- 


ib 


10° rad sec” 
fine;coupling constant of 2.9 x aye rad see. for the lcH 


proton of DMF. 


NivaaB?t in N,N-dimethylformamide 


The line broadening and downfield chemical shift data 
POocecne scoOrmy. protconein DME ~solutions of NiTAAB?* are 
shown in Figures 33 and 34, respectively. Both the nitrate 
and perchlorate salts were studied and it was observed 
that both salts gave the same results, within experimental 


1). Above this tempera- 


error, up to —10° (lo3/r Oo he 
ture, smaller broadenings and shifts were observed for the 
nitrate salt, and these shifts decreased more rapidly with 
increasing temperature. Again, this was attributed to 
nitrate complexing in DMF. As a result, the data obtained 
using NiTAAB(C10,),, and only chat) data fon NiTAAB (NO3) 5 
which was in agreement with the results for NiTAAB(C10,).5, 
were analyzed. 

It should be noted from the chemical shift measure- 
ments shown in Figure 34 that an additional complication is 


observed for this system since the shifts in the fast ex- 


change limit do not give an extrapolated zero Sharia t 
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x = ocx, Measurements of the solution magnetic sus- 


CEpEIDLIIty, of sboEh NiTAAB(C10,) 5 and NiTAAB (NO using 


3 iow 
the method suggested by Evans,7/ have shown that the de- 
creased chemical shift in the fast exchange limit is due to 
the presence of a diamagnetic-paramagnetic equilibrium with 
the diamagnetic species being formed at high temperatures. 
Within experimental error, the same temperature dependence 
of the molar magnetic susceptibilities was observed for 

both the nitrate and perchlorate salts. Since this suscept- 
ibility data (Table LX) and the solvent formyl proton 
chemical shifts of Figure 34 both indicate a small tempera- 
ture dependence for the diamagnetic-paramagnetic equilibrium, 
a very accurate determination of the equilibrium constants 


is not possible. However, estimates of AH° and AS° for the 


equilibrium written as 


K 


Diamagnetic species Paramagnetic species (52) 


were, obtained. #:A. £16 of -the.susceptibs laty dataytoueg 41, 
wall 
wiutcio. assumed. ito ebe zero, gave mMiy = -3e96 ikcalemoly , 


1 


AS2 = .—7.42. cal, mol deus and Ha 3.14 BM. These values 


of AH° and AS° are in reasonable agreement with the values, 
- male Si 

bie 4 le kcal mok Q andy AS°re=-—5.06) Gadeamolt wedeCiae jaca] 

culated from the observed formyl proton chemical shift 


data (dashed lines) and the predicted chemical shifts (solid 


Curves) of Figure 34; the latter being calculated by fits 
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of the observed chemical shifts at lower temperatures to eq 
8, assuming a normal temperature dependence for Awyt feqi il). 
The similarity of the AH° and AS° values obtained here 
with those found for Nicr?* in DMF suggests that the dia- 
Magnetic species in the present study can be identified as 


a 


Square planar NiTAAB The paramagnetic species for the 


perchlorate salt is assumed to be NiTAAB (DMF) .°*. 

Aside from the complications due to the diamagnetic- 
paramagnetic equilibrium, outlined above, the line broaden- 
ing and chemical shift temperature dependencies for 


NiTaAaB?t are qualitatively similar to those observed for 


ae. The same: limiting conditions, 25(a) = 25(d), 
account for the four limiting regions of line broadening, 
however, the Cee CONnLriDMtToOnes LoL NiTAABS* is more sig- 
nificant and not well resolved from Ty Ay + especially at 
60 MHz. Consequently, the chemical shifts were essential 
in defining Cas when the Gas results were fitted to 
eq 2, modified by the added COS term. Because of the 
effect of the diamagnetic-paramagnetic equilibrium at 
higher. temperatures, only the chemical shift data for 
Eemperatures below 90°C were fitted to eq 8." The para— 
meters from the various least-squares fits of the line 
broadenings and frequency shifts are summarized in Table 
AVIL. 


It should be observed that the two five-parameter fits 


of the 60 and 100 MHz (ieee e data, shown as A and C, 
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both indicate that the approximation, Eu = Eo: 


appear to be completely justified for this system. In ad- 


does not 


dition, the data at the two frequencies is most accurately 


Fitted to the same kinetic parameters if E,, is allowed to be 


M 
greater at 100 MHz (~2.2 kcal mol +) than at 60 MHz (1.78 
kcal molt) , Although these differences between E,, at the 


M 


two frequencies might be real, various fits show that Aut 


and ast anerneer greatly warrecced by Changes ins On the 


M* 
basis of the reasonable fit of the 100 MHz data according 


EOeL veer. in” which? the (oo) See activation energy was held 


= 


ace) do kCalP mole. j= and* thewunaccentable fit*or the: GORMHZ 


data with Eu = 2 at eakcar mol71, it’ is concluded that the 


former value> for EM is the most acceptable. 


The average values of Aut and ei with their estimated 


mnNcertaintves-. ares ISS 22 0e5 kcal tei EWS ehh Salt) exstal 
moter cagEs respectively. With C (60 MHz) = 3.21 x 10° 
rad sec lexK and teers Sela PM, =the? tacter being =the 


limiting magnetic moment estimated from the solution mag- 


netic susceptibility study, the hyperfine coupling constant 


(A7A) -of*the@ CH proton’ is calculated ‘to be "2.29" x 10° 


Padesecaey 


Tou and T 50 Considerations «lor NiTRI(C10,) and NiTAAB(C10)) 5 
in DMF 
Thesvalues of (oe ee and tga? obtained inwthis 


Study can be well accounted for in terms of the dipolar and 
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hyperfine contributions to (cee aie and only the dipolar 


cOontEtbutcsons  toa(T>)) ;eusing eq 13 andv23, respectively. 


20 
ox NiTRI (DME) ,**, the observed outer sphere broadening of 


3.94 x 10° sec! at 25°C predicts an electron spin relaxa- 


sak 


1 One Cime RO fee no Om sec Cia pele assumed) utethe 


outer sphere interaction distance (dod og and the rotational 
10 


° _ 
corre lvatroniccamerare=assumear tobe 95. 75A and 1.2) x 20 
44 ; ; 
sec, LESVSCUCIVely ine aboverce Lectrone spins Lelaacion 


° 
time, an inner sphere interaction distance (r Of 32 on 


i cH 


and the hyperfine coupling constant given earlier, predict 


Apo LateaniuscalarecOntrmiputionsloL 5.415% 10° sec 1 and 
MG Tex 10- seca sab 25°C, wespectively. | Therobserved 
PO) ieee 250C 1056587 xe lO sect. (60 MHI Lat of 
Table XVI). 


Simidarly to. NiTAAB(DMF),°*, the observed value 


f) Sl. 


Om6.22°x)10° “sec ‘Bape (CE me, ErOomecli BS Olelap Lom yaaa 


2M 
: ; : he S a -10 
is consistent with (Cay a SON te UDA te aU) sec 
and Tie = Toe ae ak ately be Ome sec. The outer sphere relaxa- 
etiam Shas Ge eis 68 Wee Kise > ca Ghrcaetone velen (do) Gae 


2 a. All of the interaction distances and electron spin 
relaxation times found here appear to be consistent with 
expected values for nickel(II) complexes. The signifi- 
cantly smaller interaction distances obtained in this study 
Sepa NiTAAB (DMF) .“* and NiTRI (DMF) ,°", compared to those 
observed for the complexes NiCR (DMF) .°~ and NiCRMe (DMF) °*, 


are consistent with less steric influence from the Schiff 


ma _ oe 
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base ligands in the former complexes. Thus, on the basis 
of the value of (Cay calculated for NiTAAB (DMF) ,°", 
longer interaction distances do not appear to be a general 
property of tetragonally distorted complexes. 

The kinetic results from the study of these two Schiff 
base complexes of nickel(II) will be discussed and compared 


2+ 


to the results for NiCR and NicRMe** in’ ChapleneLv. 


LS7 


6. Solvent Proton NMR Line Broadening Study of the 


Cobalt(Il) Schiff Base Complexes, Go (trans (létdienay-” and 


2+ 
SoGher, anisOr- tne Copper Gr)  Conplex, cucr?t, in Various 
Solvents 


The proton nmr line broadening studies reported in 
this section were undertaken in order to extend the solvent 
exchange studies of the nickel(II) and manganese(II) Schiff 
base complexes, discussed in the previous sections, to 
cobalt(II) and copper(II) systems. The temperature de- 
pendence of the nmr line broadening of water, methanol and 
acetonitrile solvents containing the cobalt(II) complex 
a7 /7 77 2, 14,L4-hexamethyl-b,4737ll-tetraazacyclotetra— 
deca-4,1ll-dienecobalt (II), referred to as Co(trans[14]- 
diene) 7+ and shown as structure IV, were investigated. In 
addition, the cobalt(II) and copper(II) complexes of the 
Schiff base CR ligand were studied in DMF and the copper(II) 
complex was also studied in water. In all of these systems 
no chemical exchange effects on the line broadening are ob- 
served, and therefore, discussion will center mainly on 
whether solvent exchange is fast and Gi is controlled 
by inner sphere TT, relaxation or whether exchange is slow 
and (Tok is determined exclusively by outer sphere P56 
relaxations A decision in “thrs regard allows lower Ol up 


per limits to be placed on the solvent exchange rates. An 


attempt is also made to quantitatively explain the mechan- 


ism of the Tou relaxation. 
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Co (trans [14]diene)** in Acetonitrile, Water and Methanol 


The temperature dependencies of -log(T Pap) £oL 


2P 
Co (trans [14]diene) 7* in water and in methanol are shown by 
the Upper and lower curves, respectively, in) Figure 35. 
mhe data Lor this complex sin acetonitrile are shown in 
Figure 36 (lower curve). Only the tetrafluoroborate salt 
was studied in methanol, but both the tetrafluoroborate and 
perchlorate salts were used in water and in acetonitrile, 
and both salts gave the same temperature dependence of 
Cogs AV Measurements were made at 60 MHz but for 
Botpmene id4idiene)—" in water a few data points were also 
obtained at 100 MHz. No frequency dependence of (nies 
was observed in this system. 

Measurable chemical shifts were observed only for 
eer oe | dienes in acetonitrile and these are shown 
in Figure 37. For the remaining systems, the frequency 
shifts were too small to be measured accurately at the com- 
plex concentrations employed. 


-—1 c 
Aliesthese (T and (AW psalm) data shown in the 


2pm) 
figures have been calculated from the observed line broad- 
enings and chemical shifts assuming two inner sphere sol- 
vent molecules. 

It should be noted that Co(trans{14] diene) 2 is a low 
Spin cobalt(II) complex. Magnetic susceptibility measure- 


ments, which were made on an aqueous solution of the per- 


chlorate salt at several temperatures, gave an effective 
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ay 3.6 4.0 4,4 48 
er raperk~ 
Temperature dependence of ~log(T5,Py) forethe 


hydroxy and methyl protons in methanol solutions 
of Co (trans [14]diene) (BF,), at 60 MHz (lower 

two curves), and for the water proton in 

aqueous solutions of the C10, © (A) and BF, 

(oO) esSaltse =u Co (trans [14]diene) ** at 60 MHz 
(upper curve)... in the upper curvererre presents 


a 100 MHz measurement on the ClO, Grace 


pole 
of 
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the methyl protons in acetonitrile solutions 


of the C10,” (oO) Vand BF, (6) =salestos 
Cone i eee (lower curve) at 60 MHz; 
and for N,N-dimethylformamide solutions of 

CoCR(C10,) 45 (upper curve), at 60 MHZ=n) and 


100 MHz (e). 
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magnetic moment of 2.07 BM after correction of the observed 
molar Magnetic susceptibilities (Table LXII) for the dia- 
‘magnetism O£ the Schiff base ligand (-213%egs units).°° 
Although no previous measurement of eee for this complex 
is available for comparison, the value obtained here is 
consistent with the values normally observed for low-spin 
eobalt(1t) complexes.” 


Thee (T ~l results for each system were fitted 


2pPy) 
graphically to the equation 


(v Ss (C, + Co) exp (E,/RT) (53) 


op PM 


and the best-fit values of the constant, Cy + C 


effective activation energy, E are given in Table XVIII. 


yt 
However, LeVshould be *noted that; lor Caverene ia diene ja 
in water, (rebee yn increases more rapidly at low tempera- 
ture than is predicted by eq 53. Only the data points 
near 0°C deviate significantly from this exponential temp- 
erature dependence. Since the nmr line widths were inde- 
pendent of frequency, the nonexponential behaviour of 

Te at low temperatures cannot be ascribed to 


A 4 effects (limiting condition 25(b)). Also, since the 


Toe M 
temperature variation of the magnetic susceptibilities did 
not indicate an unusual increase in Wore at low temperature, 


the above behaviour is not due to a temperature dependent 


magnetic moment. It is possible that the discrepancy is 
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due to a nonexponential increase in the viscosity of water 
at “temperatures near the freezing point. For this system, 
the value of E, and (Cy 3° Co) were estimated from the data 
at higher temperatures. 

For Co (trans [14]diene)** in acetonitrile, the presence 
of chemical shifts, with the temperature dependence shown 
in Figure 37, indicates that solvent exchange is fast, and 
y+ is controlled by T,,, and T,.. relaxa- 


2M 20 


tion. The close agreement of the value found here for EL 


therefore, (To 5PM 
with the apparent activation energy of the viscosity of 
acetonitrile (~3.0 kcal noi) might be taken to mean that 
both inner and outer sphere relaxation are due to dipolar 
interactions for which the correlation time is tee OW 
ever, substitution of reasonable estimates of rey om and 


3 given in Table XVIII, into eqs 29 and 30 indicates that 


ie ¥ 
most of the observed broadening for this system is due toa 
hyperfine interaction. To account for the large hyperfine 

Concer ibution wsing the hyperfine ‘coupling constant, —2.24 x 


£ rad Seca determined from the measured chemical shifts, 


10 
a vaitiesgot 1/36 x Lom sec is required for ies at “Z5oCe 
This value of Tie compares well with the experimental value 
One ped Be <a ore sec obtained for Toe: five? aGrer Waagou] 
tained from the epr spectrum of Co (trans [14]diene) (BF). in 
acetonitrile which will be discussed subsequently. 


It should be noted that the observed chemical shifts 


for this system do not strictly adhere to a Curie law temp- 
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erature dependence as the extrapolated shift at fies = 


ocx + 15120 Ha ey Asea result, the value of A/fi given above 


was calculated from the observed shift at 25°C, assuming 


We = 250/ BM, Sinsteadvot, from the value, of Cue 


For Co (trans[14]diene)-” in water, the GE tay 


results are similar but no chemical shifts were observed 


EOLe thisesystem. . Therefore, 1t is not possible to even 


estimate the hyperfine contribution to (T y7t, However, 


2M 


calculations based on a primary solvent coordination number 
of two, using the reasonable interaction distances and 
correlation times listed in Table XVIII, indicate that 
i deniea can be explained solely by inner and outer sphere 


dipolar interactions. In view of the Toe estimate of 1.2 


x Tome sec obtained from the epr spectrum of Co(trans[14]- 


diene) (C10 in water, the negligible hyperfine inter- 


42 


actions indicated by the above calculations must mean that 


A/fA for this system is small. From the acceptable agree- 


MencaOi Cie (Tp) - activation energy with that expected 
EOCaWaeer Viscosity (3.9 Kcoal mol +) and the observation 


that To ie Cae it is reasonable to conclude that the di- 


polar correlation time given in Table XVIII can be inter- 


preted as sae The value of es obtained here is in good 


11 sec obtained from an 


2+ . aye 
analysis of the epr spectrum of VO ion in’ water. 


agreement with the value 4.1 x 10° 


+ . 
In the case of Cer eraneiie dene ie in methanol, the 


observed dg Pa at 25°C for thevhydroxyeand mecuy. 
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protons were similarly interpreted in terms of rsh) a 
PPER)S; contributions, assuming two rapidly exchanging 
inner sphere solvent molecules. Since measurable chemical 
Shifts were not observed in this aye the hyperfine 


ojoheoeo ho Oenterey pee) a iab yt cannot be calculated. However, the 


2M 
dipolar interaction distances and correlation time given in 
fable XVIII, which are all in good agreement with the 
values observed for von aid methanol, ?> predict a small 
hyperfine contribution for the OH proton. The fact that 
Ene hyperfine contribution as small for the OH proton but 
negligible for the CH, protons was found to be compatible 


with the estimated value of T,_, the absence of chemical 


le 
Caves pean thee lal Ge 1 blerence expected Ort omy pet as 
fine coupling constants (A/m) for the two different types 
Of=protons. Thus, 1f the values of A/n for this system 
were different by a factor of 20, as was observed for 
eee Orme methanol, —< then the hyperfine contribution 
£0r° the’ CH 


ST 
(Tom) 


3 DEOtOns Would bewless than elo ones thes tocar 


To account for the estimated hyperfine contribu- 


Eloneeror the OH proton, a Vvaiue lor Tie ~ 107? sec would 


Diese aap 


necessitate an estimated (A/D) ony OLe be xe) 
For a 0.1m solution this A/h predicts a negligible OH 
proton chemical shift. 

The nmr results for Colirenc ila) d tena ian discussed 


above, allow lower limits to be placed on the exchange 


rates of one solvent molecule. These limits for acetoni- 
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trile, water and methanol exchange at 25°C are, respec- 


EV eTy | LOXe 1D esac ened ETO eon ane oe Deen, 


EPR Results for Go(trans|i4)aiene)-> 

In order to obtain the estimates of the electron spin 
relaxation times for Co(trans[14]diene)**, which were used 
in the above discussion of the nmr results, the epr spec-— 
trum of this complex was obtained in acetonitrile and 
water at room temperature. Also, Since in several in- 
stances well-resolved epr spectra for cobalt(II) systems 


6705 Maes 


have been observed only for oxygenated adducts, 
POSscLOlbLty Or Oxygen coOOtdination to Gottc en] ed eo 
was examined. 

An epr spectrum of Co (trans[14]diene) 7* was initially 
determined for an aqueous solution of the perchlorate salt. 
This solution was not degassed and the spectrum was 
measured immediately after the sample was prepared. The 
resulting spectrum was well resolved into eight hyperfine 
lines due to coupling to the cobalt nucleus (I = 7/2) and 
was qualitatively similar to the fluid solution spectra 
observed by Hoffman and Basolo°> for a series of oxygenated 
Cobalt (II) Schiff base complexes, and to the Spectra des- 
cribed by Yang and Osters” for several oxygenated cobalt (II) 
polyamines. However, in the spectrum obtained for 


Ce aeransilatdiene)y the hyperfine coupling constant of 


82 G is much larger than the characteristic value of ~13 G 


“iq nowtomhe at t9 easauizun. orit sussta of 08 
Lowt sau shatde 17S (pens tbh!) sxsxs) 09 to? 
<7" “toys! eit ag hvest smi ait 99 nok 
bae abivvinogess fi Seniardo ea 
| oe Sa 
“ih intoves Ab sends ,o2ir Loaushanqmed 809% 


=< 
fmatevea (it}Jisdoo x07 BidooyR wqP rovtauna=b ow 
side Pos") euiba Petwaeeyzo 201 XI0, bevadedo n ey om i 
+8 Sib tol bl) mermedtc Ho) ay Aoaiten LS 30p> han abe 0 Rik dive an a 
» : (* mc 
’ \ 7 i" 

wilnistnl sn WS (asmsbis Lyons )00 ic ieee a 
== 
lee axotivseg. eds Io goierive aYooUpS tim 202 be 
Land 


Zim udasobge wld bag besecyzet soG ssw 


nt 


> we pan 
ai? -poanyotg env otyune oid edt” yiesetbamm be 


etiiaory tinte otal fovionss iiew esw nurssoege pal Sais 

Bao’ ERAS = 7), tusitgua”"aledas oot a: eetiqaoe od a 
eadooqe man eon i ott we ot aslimie “ae 

| fejouspysc 29 wabase rd a" ®_.cdned bas osm O8 | 
oF “tol erate ak? od bre ,Remelqnns oesd a3ttoe [rt) 
gy MiVstedos hatanepyse iaxivoe 203 98 Jex20 bas -¥e 
; ti, Ronen merioaegs eda nt 43 


16 


found by the above workers for the monomeric oxygen ad- 
ducts. This feature alone appears to indicate that 

Co (trans[14]diene) 7 does not bind molecular oxygen. As 
amsuGther investigation inithisiregard, wo additional epr 
spectra were obtained for Co(trans[14]diene) (BF,), in ace- 
tonitrile. The first of these was determined for a thor- 
oughly degassed solution, while the second was obtained for 
the same solution through which oxygen was bubbled. No 
difference was observed in the latter two spectra and both 
were Similar to the spectrum of the perchlorate salt in 
aqueous solution, discussed above. However, for the spec- 
trum of the tetrafluoroborate salt in acetonitrile the 
hyperfine splitting was not as well resolved; the splitting 
constant being 70 G as compared to 82 G obtained for the 
perchlorate salt in water. The line widths of the nar- 
rowest hyperfine components were ~48 G and ~43 G in ace- 
tonitrile and water, respectively. This gives values of 


9 9 


Eie4 scl. Oeae sect andy s2axf l0sseseecs) respectivelyer tort 


2e° 


Goer in N,N-dimethylformamide 


The temperature dependence of (Pa ePeN aa Lor the scomy. 
proton, determined for DMF solutions of the perchlorate 
Balt, is shown by the upper curve in Figure 36. A graphi- 
cal fit of this data to eq 53 gave the best-fit values of 


(Cy a Co) and E, indicated in Table XVIII. The value of 


Gr 


ae) at 25°C is most consistent with rapid solvent 
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somewhat better interpretation results if it is assumed 
that Cocr?* is five-coordinate in DMF at this temperature. 
Thus, the value of 300n Calculated” for (Coy Fie As 

a primary solvent coordination number (n) of one and the 
values of do and ior given in Table XVIII, would become 
3.58A if n were assumed to be two. Although the former 
value is in better agreement with the value of 30a found 
FOr er in pr 44 the argument for five-coordinate cobalt 
based on this evidence alone would be inconclusive. How- 
ever, in view of the observation made by Long and Busch?’ 
that CoCR(C10,), does not form bis-adducts with the strong 
Lewis bases, ammonia and pyridine, the calculation using 
n=l appears to be the more consistent one. It should be 
noted, however, that the good agreement of cy with the 
value aA may be at least partly fortuitous because of 
the neglect of possible hyperfine interactions. There is 
also the possibility of a five—coordinate—six—coordinate 
equilibrium in this system since the EB obtained here is 
unexpectedly larger than the apparent activation energy of 
ie vicosity of DME (~2.8 kcal mole oe 


In order to further characterize this complex and to 


estimate the magnitude of the hyperfine contribution to 


7 


Gane the magnetic susceptibility and the epr spectrum 


GE COCR(CLO were examined in DMF. A value of 1.85 BM 


4)2 
was obtained for the effective magnetic moment after 
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applying a diamagnetic correction of -163 cgs units? to 


theemeasured Susceptibility ati 35°C. The epr spectrum cr 
a degassed DMF solution of this low-spin cobalt(II) complex 
atesLloom Cempcrature CoOnsisted- ot only “a broad tine: imewhecn 


the hyperfine coupling was not resolved. A value of ~3 x 


WM amEsco was estimated for Me SeOmyehi Ss (spec taut ieton 
fore, for reasonable estimates of (A/D) ope the above value 
of the electron spin relaxation time (Ti, = Toe assumed) 
would yield a hyperfine contribution which is ~10% of the 
total observed Pr. 

From the nmr results discussed above, a lower limit of 
aah nae Beces is estimated for the DMF exchange rate of 


aneee Fe DEO. 


2+ 


CuCR in DMF and Water 

The temperature dependencies of Gee) On 
CuCR (BF ,) 5 in DMF and water are shown by the upper and 
lower curves, respectively, in Figure 38. Chemical shifts 


were observed only for cucr** in DMF and these are given 
Mierigure 39. Only the CH protom line widthssandstreqnency 
shifts were studied for the DMF solutions. Measurements 
were made at 60 and 100 MHz and these indicated an absence 
of a frequency dependent Top value in the entire range of 
temperatures studied. 

All of the data in Figures 38 and 39 were calculated 


: 2+. 
from the observed Top and AW psa assuming that CuCR is 
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five-coordinate in these solvents over the complete temp- 
erature range studied, That is, a value of Gnemwas used 


from, eq 4% “However, 2G 


fOr nein tie calculecron or Pu 


will be shown below that’ this assumption is only partly 
justified. 


thet yuo data’for cucR> in DMF clearly indicates 


2P'M 
a gradual increase in the apparent activation energy of 


i 


Th palpi with decreasing temperature. In view of the 


frequency independent T and the unusual temperature de- 


2P’ 
pendence of the CH proton chemical shifts, shown in Figure 
39, it must be concluded that an equilibrium is present in 
solution. Since the chemical shifts in the high tempera- 
EULresregion do Nek drop Off tO Zero, Dut instead LoOllowed 
Curie law temperature dependence, the species formed at 
high temperature cannot be predominantly cucr?* with no 
DMF molecules in its inner coordination sphere. From this 
point of view, outer sphere interactions could account for 


= 


) at high temperatures but would fail 


the observed (To >Py 
to explain the presence of chemical shifts in the high 
temperature region. “On the other hand, both the chemical 


shifts and the line broadening data are consistent with 


the equilibrium 
2+ 
CucR (DMF) 2* - Oi = CuCR (DMF) 5 (54) 


with the five-coordinate species, CuCR(DMF), being thermo- 
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dynamically favored at higher temperatures. Thus, the up- 


ward curvature in the chemical shifts and (TORE ene data 
with decreasing temperature, indicated by the dashed lines 
INekroures 38™and 39, 1s due to a shift of canis torium es 
to the right. From the high temperature chemical shifts 
the hyperfine coupling constant (A/nh)*for CuCcR(DMF) can be 
determined, but” this chemical chift data do not perme 
measurement of A/h for CuCR (DMF) .. Therefore, the tempera- 
ture dependence of the equilibrium cannot be determined. 
The small observed chemical shifts of the broad formyl 
resonance at low temperatures are also a limitation in 

this regard. However, it should be noted that both the 
Curie dependence of the chemical shift for temperatures as 
3 ont 
1 


high as ~0°C (pot oo es Le ), and the linear de- 


pendence of -log (T,.P..) with T ~ in the high temperature 


ORE 


Tegion, indicatesjthat, essentially alimof, the complex 
exists in the five-coordinate form at temperatures 20°C. 
Peograpnical Lit of the data in this” linear line broadening 
beqron cto eq 53 gave the values or (Cy, a Co) and E “WOXG (leas 


Caceadeint lable AVILI. 


iL. 


The observed (T._P..) ~ at 25°C is interpreted in terms 


2P°M 
of rapid exchange of one DMF molecule giving rise to the 


Weeedh a -1 gontributions shown in Table XVIII. 
= 
The values of (dey and ie used to calculate (T59) are 
4 
those observed for the vo? *—pMF system. - Urea eOmeclie 


and (T56) 


observed (T yt is assumed to be due to dipolar inter- 
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actions, modulated by complex tumbling, then a value of 


9° 
3.95A is obtained for (ron? This is considerably larger 


fe] 
than the 3.1A obtained in ref 44 for vo2* an DMF but the 


agreement is not improved by assuming that the predominant 


copper species at 25°C is CuCR(DMF). instead of CuCR(DMF). 


A 
It should be noted that the observed CH proton chemical 


shifts in the high temperature region give a large esti- 
: 6 =1 
mMatceag value of 1.28 x 10° rad sec Lox (A/D) ape ae Vore 
is assumed to have a spin-only value of 1.73 BM. Thus, in 
order to justify neglecting the hyperfine contribution to 
=] -9 ' ' 
(Ton) , a Value of 10 sec 1S required for The’ Al- 


though a T of this order of magnitude was not confirmed 


from the epr spectrum of cucr?t in 


le 


by measurement of Toe 


DMF, a value of 2107 sec is reasonable for a copper(II) 


complex.°/ 


For CuCR(BF in water the ae ae results are 


a)2 
similar. However, Since the line broadening is greater 


than in the CuCR(BF —DMF system, the chemical shifts are 


4)2 
obscured, and thus it is not possible to tell whether the 


slight nonexponential increase of tye at low tempera- 


tures is due to an increase in the primary solvent coordin- 
2+ . 
ation number, aS was proposed for CuCR aig PRINS Seka aeley fei 
nonexponential increase in the viscosity of water. The 
1 


variation of -log (T,,Py) with T ~ is essentially linear 


at higher temperatures and from this region the best-fit 


values of (C,, + Co) and Ev shown in Table XVIII, were ob- 
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Nee ee ese 
Mf 


tained. For this system, the value of (T.5Py 


can be adequately accounted for in terms of and 


(0) 


Cee) ae dipolar interactions using the interaction dis- 
tancesmandscorrelatlonsrimergavenvin Table: XViITE-es Lt 


shnouicd be noted that. the valueso£ tie ObDtatnedsnerecw sen 


tye 


reasonable agreement with the value 4.5 x 10. sec ob- 


tained above for Coens taqeden eal in water and that Ee 


agrees well with that expected for water viscosity. 


Thus, the nmr results discussed above for cucr?* i 


DMF and water are consistent with the rapid exchange of 


one solvent molecule for which the lower limit of the ex- 
change rate at 25°C is estimated to be 3 x 107 sec + 


iP ote are sec + for DMF and water, respectively. 


and 


In conclusion, it should be noted that the estimates 


of the lower limits of the solvent exchange rates given 


+ : 
here for Coltransil4ldiene)-'; cocr?* and Cucr? are quite 


conservative since they were estimated from the observed 
broadening at the lowest temperature for which measurements 


were made and therefore apply at low temperatures. Thus, 


- + 
amureasonable, value of ~9 kcal) mol 1 imene AHT SECON S CocR? and 


cucr?* in DMF would indicate higher values of the exchange 


Gatepatez>r eG by atyleastloamiactorsor oe Consequently, 


the rate of DMF exchange might be more like T0nms ecm ee: 


25°C for these two complexes in DMF. 
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Chapter IV. DISCUSSION 


1. Kinetic Results 

(a) Methanol and DMF exchange from Mn (DMPrPor)* 

The ‘Kinetic results £rom the study. of manganese (IIT) 
protoporphyrin(Ix) dimethyl ester are summarized in Table 
XIX together with the results of several other studies for 
comparison. For Mn (DMPrPor)~* in DMF, the uncertainties in 
the aut and ast values could not be estimated but they 
ane expected to be greater ethan the error limits indicated 
LOG Mn (DMPrPor)* in methanol since AHT and AST were found 
to be very sensitive to assumptions regarding the outer 
Sphere contributions to the observed line broadening. The 
values of aut and ast given were found to be the most 
internally consistent. 

Manganese (III) protoporphyrin(IX) dimethyl ester is 
quite labileswith rate constants of the order of 10/ sec + 
at 25°C. Several reasons can be invoked to account for 
this lability. The manganese in this metalloporphyrin is 
emo Lou - Spin a4 ion with™e"strong Jehn-Tellersdistortion 
anGethiserapld ligand exchange rates are expected scrom 
crystal field considerations. COonmteribucing, coethnics er 
fect, would be the reduction in metal ion charge as a result 
of the -2 charge on the porphyrin ligand. A further de- 
localization of charge in the metalloporphyrin due to por- 


_phyrin-metal d-orbital m interaction would also be ex- 
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A comparison of the kinetic parameters for solvent 


exchange of Mn (DMPrPor)* with those of some other systems 


System 


Mn (DMPrPor) ~ 


cr2t 


Fe >t 


Fe (PrPor)* 


Co2t 


B(25°C)% 


aut, 


keal moi! 


ast, 


cal mole degs 


<= 


Reference 
a 


(a) 
(a) 


(b) 


49 (a) 


47 
70 


(a) US WwOLK. 


(pb) Quoted in ref 2. 


(c) Quoted in ref 49(a). 
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pected to make the complex kinetically labile. 

It was originally hoped that the measurement of the 
methanol exchange rate would permit at least an estimate of 
the water exchange rate on Mn (DMPrPor)*. Previous studies 
Ofscobalt (Ll) ,Anickel(il) and imanganese( D1 ivonsm(sec 
Tables XIX, XX and XXI) have indicated that the water ex- 


2 


change rate is ~10 to 10° faster than the methanol exchange 


Lace wenoweves, ithe workeof RBreivogel! jon mi ron (Ti) ain 


49 (a) 


methanol and ethano1°? indicates that alcohol exchange 


is faster than water exchange by a factor of m0 ce It may 
be noted, however, that the DMF and methanol exchange rates 
aLemoemilLar «Lor CObaluG.), nickel (1 |) ang Mn (DMPrPor)*, 
and therefore, it may be justified to estimate the water 
exchange rate on Mn (DMPrPor)*, im analogy -to the cobaleti.) 


8 2) sal 


anaenickel(il) systems ;as ~L0 sto 10 9 sec womAtthougn 


this estimate is an order of magnitude value at best, it 


accounts Lor Fleischer's > failure to observe complexing 


of CN ,N, and SCN to manganese(III) hematoporphyrin in a 


3 
stopped-flow kinetic study. Relaxation methods similar to 
EiOsesUsean LO pooper ee will be necessary to measure 
the ligand substitution rates of manganese(III) porphyrins. 
From a consideration of the labilizing effect of por- 
phyrin ligands on metal ion exchange rates, it is also pos- 
sible to estimate the water exchange rate of hexaquomanga- 


nese(III). Piel acheres has observed that haematoporphyrin 


appears to enhance the rate of ligand substitution by ~10° 
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BieCienmore: inert. cobalt (Lil) and low-spin iron(III) systems. 
For high-spin iron(III), the solvent exchange rates ales 

‘in Table XIX are generally consistent with the prediction 
that protoporphyrin(IX) increases the exchange rate on 

Ons iaiet ) by eta Thus, it is estimated that the water 


Spain ise 


exchange rate of Mn (OH,) ,>" would be ~10 
This latter estimate appears consistent when the water 
exchange rates (see Tables XIX and XX) in the iso-electronic 


aquo manganese (II)-iron(III) and chromium (ITI) -manganese (IIT) 


systems are considered. 


(b) Methanol, DMF and water exchange from MnB(C10,), 

The kinetic results for MnB(C10,)5, along with the 
solvent exchange results for all of the manganese(II) sys- 
tems studied to date, are shown in Table XxX. 

A consideration of the data in this Table illustrates 
that the Schiff base B ligand does not have a significant 
effect on the solvent exchange rates for manganese(II). 
This is especially illustrated by’ the results for mnB-t in 
water and DMF for which the exchange rates at 25°C are es- 
Sentially identical to those for the hexasolvated) ions: 
The results for Minn ae in methanol might suggest that there 
is a significant labilizing effect by the Schiff base 
ligand in this system; however, the effect is somewhat un- 
certain because of the disagreement in the results from the 


two studies of manganese(II) ion in methanol. It should be 
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TABLE XX 
Kinetic parameters for solvent exchange of Map and of other 


manganese(II) complexes. 


Complex Klee) aut, ast, Reference 
Steir keal mol + cal mol tdeg™t 
MnB(OH,) .°* 2 lee Chane ERS ce 5a (a) 
Mn (phen), (OH,),°* 8.7 x 107 on? ee 50 
Mn(phen) (OH,) 4°" 5.3 x 107 9-42 Ay, 50 
a Se ay Re ake 50 
Mn (OH,) ¢ 7 , 
Oe sae 8.1 2.9 Le 
2+ 6 
MnB (CH30H) 5 7.7 x 10 g.8 * 0-5 ee phys (a) 
a 4.7 x 10° 2D) ay 49 (a) 
Mn (CH,0H) ¢ 5 
9.5 x 10 7.4 6.4 49 (b) 
2+ 6 
MnB (DMF) 5 Dy ee lie Sse 2 aye 135 ses (a) 
Mn (DMF) .7* 4.0 x 10° om & (b) 
2+ 7 z 
Mn (CH CN) ¢ Woe Oe 7425 0825 ys tne 72 
Mn (NH3) 67" 576 10” Aeeeoss go a ie 


(a) This work. 


(pier Ouoted! in ref 1. The Aut and ast values have not been reported. 
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noted in this regard that the large negative entropy and 
the small Aut obtained in ref 49(a) for methanol exchange 
from Mn (CH,0H) ,** appears to be quite unusual when the 
results for the mn@t ion in the other solvents are con- 
Sidered. For mnp?* in methanol, the Aut and Ast determined 
in this study appear to be more in line with the values 
observed for the other manganese(II) complexes. 

Within the quoted experimental uncertainties, all of 
the manganese (II) complexes studied in water indicate the 
same aut and ast values, and thus, there are no significant 
detectable trends. The relative insensitivity of the 
kinetic parameters for water exchange from MnB** indicates 
that the electron donor properties of the amine nitrogens 
gnethe B ligand are not particularly different fromthe 


coordinated water molecules. It should be noted that this 


Similarity in the kinetic parameters for manganese (11) 


+ + 


complexes also extends to the Mn (NH) and Mn (CH4CN) ¢* 
systems. 

Thewstoantticantly larger aut and ast values observed 
LOL mnB°* in DMF than in methanol or water might be taken 
to mean that the dissociative mode of activation is more 
important in the DMF system. A similar difference in the 
AHT and ast values was observed for DMF and methanol ex- 
change from Mn (DMPrPor)”. This trend may be contrasted 


to the similarity of the parameters for methanol and DMF 


exchange in the nickel(II) and also the cobalt(II) systems 
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(Tables XIX and XXI). Unfortunately, it is not possible to 
tell if the above difference is also common to the nee ion 
in DMF and methanol since the Aut and ast values for DMF 


+. 
exchange from the Mn? ion have not been reported. 


(c) Solvent exchange from NECR- NiCRMe*", NiTaaB e+ 


and NiTRI-* 

Table XXI summarizes the kinetic data for the four 
nickel(II) Schiff base complexes which were studied in the 
various solvents. The results from several other studies 
of normal octahedral nickel(II) systems are also shown for 
comparison. 

A consideration of the solvent exchange results for 
NicR?* in DMF, methanol and acetonitrile and NicRMe?* fen 
DMF indicates that the solvent exchange rates at 25°C are 
greater than for the hexasolvated systems by 5 x 107 to 
ibn ere sak This greater exchange rate for these Schiff base 
complexes is due to the Aut being lower by 6 to 7 kcal 


mol, The increased rate does not involve the entropy 


eee ce the, siya es; ene, Lover by 3-5 cal deg ‘mo17™? 

than for the octahedral systems. These results appear to 

be consistent with a dissociative mechanism in which steric 

interactions in the Schiff base complexes tend to weaken 

the solvent-metal ion interaction. The significant decrease 


in the aut value for NiCRMe (DMF) .°* over that for NiCR (DMF) ,°* 


is also consistent with this proposal since it would be ex- 
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TABLE XXI 


Kinetic parameters for solvent exchange of some nickel (II) complexes 


a 


Complex (25°C) kcal mol + cal mol7 


deg rad sec Reference 
NiCR(DMF) .7* 1.9 x 10° 9.5 ae 2.30 (b) 
NiCRMe (DMF) .7* 2.8 x 10° 7.8 ae) 3.03 (b) 
NiTAAB (DMF) .7* 733x010" 17s 2.5 2.29 (b) 
NiTRI (DMP) ,°* ee) 9 tlie 15-6 Bae 2.94 (b) 
Ni (DMF) <?* 3.8 x 10° 15.0 8.0 4.28 47 
NACR(CH,OH) 5°" Neh elo! 9.4 5.2 2.96 (b) 
Ni (CHOH) ¢?* 1.0 x 107 15.8 8.0 3.58 23 
Ni (C)H,OH) .7* Eel x10" 10.8 24 = 69 
NiCR(CH,CN) .°* Ted x 10° 7.0 326 2066 (b) 
3.9 10 10.9 ~ 8.8 ees 73 
2.8 x 10° ey a 8G -5.09 74 
Ni (CH3CN) <7* 1.2 x 104 11.8 =10.2 =3.27 75 
Te 10> 15.0 Tes 31,3 76 
Gees aaniel 5 (=) & 77 
NiCR(OH5) 5°" 435 x10" 6.8 “14.4 Zit (b) 
NiCRMe (OH,) ,7* 5.2 x 10° 6.3 -15.8 (a) (b) 
Ni (OH,) <°* soot 108 103 One 6. one) 78 
NiTRI(OH,) 4°* 3.8 x 104 10.9 = 159 2.50 7 
Nien, (OH,).°* 5.4 x 10° 9.1 ue = 80 
Ni (NH), (OH,) 4°" 2.5 x 10° 10.2 5.0 2 81 


(a) For the formyl proton in the DMF system, the methyl proton in the methanol and acetonitrile 


systems and for the water proton in the aqueous systems. 
(b) This work 


(c) The results in ref 77 are interpreted assuming that four acetonitrile molecules are co- 
ordinated to the gh ion. To permit a valid comparison to the previously obtained results, 
the value of ast and the raze constant at 25°C shown in this Table have been recalculated 
for a coordination number of six. 

(a) The absence of chemical shifts in this system prevented a determination of (AAN). Con- 
sequently, the value of ast given was obtained as explained in the text using an esti- 
mated (A/N). 


(e) From ref 79. 
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pected that the N-CH, group in the Schiff base CRMe ligand 
would increase the amount of steric interaction considerably. 
An additional labilization can also be expected to arise 
from electron donation from the CR and CRMe ligands. The 
studies of Hunt, et Ae he on various aquo-amine nickel (ITI) 
complexes ‘have ‘shown’ "*that’this Latter “effect can cause 

large rate enhancements operating through both a aut and 

ast change. 

Similar arguments might be applied when considering 
the Aut values for the aqueous systems. However, now the 
exchange rate’ vst not qreatiyedifferenterrom that’ for 
Ni (OH,) .** because of a much less favorable ast in the 
Schiff base systems. In fact the large negative ast values 
are unusual for solvent exchange in nickel(II) systems and 
this might be taken to mean that some other mechanism is 


oe Unfortunately, there is likely to be a rather 


operative. 
large uncertainty in the aut and ast values for the aqueous 
systems since the i and Ty hla regions of line broad- 
ening are not independently well defined. However the 
water exchange rate and the value of ast are consistent 
with the correlations discussed below. 

If the mode of activation for solvent exchange is 
primarily dissociative in these systems, as suggested above, 
then a correlation between the exchange rate constant (Kk) 


and the equilibrium constant Ges for the paramagnetic to 


diamagnetic change (See Section 3) might be expected. In 


oules cao sOs8ie szaddel eins suns’ wba Wess 
rie hn 6 _ Ayyosi? gnitnssqo etnanao pads: a 


piisvaiiens> new boriggs od itein eiaomppts atta 

of9 Wow ,tevawoh Sines: ue LYOerDS — io? seulsyv thee a 

rot dade any? tne tetsib vicnsto pies ai on eae | 

ond. of tee otiugevel saat doen 6 2 sepsped ee yj 

aoul ns ‘ap witon' epyuel sty Joe at «ane eneaye etad F | : 

boa Gawtiaye (21) beefese ‘ai ognations sasvioa tot Levewnw | 

si péineition watts spe sary Shem 'odt nodad od sigiet 

wedcas » a6 co views a) saadt .yiajscust0oidg 8 a 

miocips sis TU) seniny tag Bas Tih eit ni vate rica 

sfihged eet to edtofper “obj bon 77 (00) end iduie: anneal 

; edt xevews .b0nlTah Llqw ylraeiiogebat gor 

am Scedalzecaosa wis tay 45 suievy edd bon ede aceHiene aa 
swbied boaadoath unotdpiexxod i: 


; i) &@ _ ap ~_e 
ae \ ab epnuinxs snevica 202 nolivevisos. Yo obom edt 350 
5 ae a aL 7 
pan pein ee ,seredeyt hewensal ai ovidaioonetie Litem. 
iw: 


>.) $HiSssno> 2361 diietins ony Agbwoed apidelexxoo & " : 
- 6 ; 


| eA miawnpseatey oft x03 “2) dnedeanoo mutsdkliug 
at piepranies oc tigi, 1¢ sotlrood ait) naade f 


25 


fact 7 ..Log k. does vary directly in approximately a linear 
way with -log K. The results for NicRMe?t in water and 

DMF show the same trend. The assumed dissociative mode of 
activation is consistent with the recently reported solvent 


exchange studies®? 


of Co(DMSO) ,.** and Ni(DMSO),** in the 
mixed solvents DMSO-nitromethane and DMSO-methylene chloride 
which have shown that the DMSO exchange parameters are in- 
dependent of the composition of the mixed solvent, as 
expected for a dissociative mechanism. 

The correlation of the diamagnetic-paramagnetic equil- 
ibrium results with the solvent exchange rates, discussed 
above, could be an indication (although not necessarily so) 
that the solvent exchange mechanism is coupled to the 


diamagnetic-paramagnetic equilibrium. If these systems 


are described by 


au 

ees fel ES <3) 4S) eps Ss xe 
\ ma 
(55) 

Teh a Ug: 

con 
Cease aS —> D+S + *S 
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where so — P —S and S —D — S refer to the solvated para- 
Magnetic and diamagnetic forms, respectively, then the 
system can be treated aS a three-site problem : with the 
Bulk Golvent as site 1, S —D—“*S as Site 2 and 9S — FF — 5 


as site 3. The T377 713 reaction would be the normal ex- 
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Change path. “sli it’ is assumed that’r eG that. us; 


cA = 
Ppl 25 
that desolvation of the diamagnetic species is faster than 


its conversion to the paramagnetic form, and that the chemi- 


Galyshift in the diamagnetic’ form, Aw. << Aw then 
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A comparison of this equation to eq 2 shows that the ef- 


Si -1 -1 
“ (T35 + T31 \ie 


fore, the solvent exchange rate will be controlled by 


fective exchange lifetime tT There- 


M 


whichever process is faster, either direct exchange Coe 


or the S — P —'§ to S — D — §S conversion far ie Un- 


fortunately, no rate constants are available for the latter 
process; however, Wilkins, et aioe have given a lower 

Lea te) teks 107 secu. Fou .thiseinterconvers1on in Nuc ene 
anes Ni 273 72 ena. in aqueous solution. It has also been 
found that tetrahedral-planar interconversions of nickel (II) 


5 6 


Gomplexes yhave .rateésyconstants ~in the ranges lOsstol10 


85,86 
sec -, Although the platter processes nots really icom- 
parable to that observed here, it appears that structural 
and spin state changes have rate constants of this order 


of magnitude. 


Other reaction paths are also possible such as 
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In these, the solvent exchange rate will be controlled by 
the first reaction and S — P or S — D could be intermediates 
for the solvent exchange and spin-state change. In the 
second reaction, the solvent exchange and spin-state change 
would proceed at the same rate and the solvent exchange 
rate might be expected to be unusual compared to a purely 
paramagnetic system. 

The low exchange rate and unusually negative ast in 


hs and NicRMe** aqueous systems might be rationalized 


the NiCR 
by assuming that direct water exchange is sufficiently slow 
and thus the favored path is via the diamagnetic~paramagnetic 
equilibrium. It is hoped that future work may test this 
possibility by measurements of the rate of the diamagnetic 

to paramagnetic conversion. 


+ 
The kinetic results for DMF exchange from NiTAAB 


ot are also Shown in VYable Xxi. “1t™shouwld™“be 


and NiTRI 
recalled that the study of these two nickel(II) Schiff base 
complexes was undertaken to compare further the effects of 
Schiff base ligands on the solvent exchange rates in com- 
plexes having normal octahedral and tetragonally distorted 
Scruccures. 


; Om 
The aut and ast values for NiTRI (DMF) 3 are very 


+iwe ieae 
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even more striking than for the aquo systems, NiTRI (OH) ,7* 


and NaH OHS)in This confirms the previous conclusion’ 

that the tridendate TRI chelate does not greatly affect the 
solvent exchange kinetics from nickel(II). These observa- 
tions also indicate that the TRI ligand is not particularly 
moreror less electron donating than the DMF ligands.) lt is, 
therefore, reasonable to assume that the significantly 

lower aut value observed for DMF exchange from NitaaBet is 
not due to greater electron donation from the macrocyclic 
TAAB ligand. Models indicate that steric interactions 
should not be important for NiTAAB (DMF) .“*. It can onlyebe 
concluded that the lower Aut value and higher exchange rate 
may lie in the rather indeterminate solvation and crystal 
field effects for a tetragonally distorted system. However, 
Tt shoulda be noted that the Kinetic results: for NiTAAB (DMF) 77 
show that solvent exchange rates on tetragonally distorted 
nickel (II) complexes are not necessarily unusually rapid. 
Thus, the significantly lower aut values and larger exchange 
rates for NiCR-” and ueiae” may be due to a combined effect 
of steric interactions, tetragonal distortion and electron 
donor properties of the non-reacting ligand. The signifi- 
cance of the latter factor is expected to be greater for CR 
and CRMe than for the TAAB ligand. Furthermore, the possi- 
bility of coupling of the solvent exchange path to the 


diamagnetic-paramagnetic equilibrium cannot be overlooked. 


One of the original objectives in Carrying soutecias 
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work was to determine if the trends in the solvent exchange 
parameters noted for the hexasolvated systems would persist 
for tetragonally distorted systems. If this were to be the 
case, then the exchange rate studies in nonaqueous solvents 
on other systems, porphyrins for example, could be used to 
determine the exchange rates in the more interesting aqueous 
system. Especially for porphyrins, solvent exchange studies 
in water are prevented by solubility and polymerization 
ONGrEo Lt Les. 

It has been found in the studies of NicR?* in several 
solvents that, qualitatively, the Aut values do parallel 
those for the hexasolvated nickel(II) ion. The trend in 
aut is roughly DMF ~ CH.,OH > CH,CN HO. However, Te 


should be pointed out that the recent results for the Ni 
Loney, 


Bde © 


LOWeLn acetonitrile cast considerable uncertainty onto 


the Ant value for this system. The above trend in Aut for 
the Ne ion and Nicr?* assumes that the earlier determina- 
tions of aut for Ni (CH,CN) .7* are correct. 

Several attempts have been made to obtain a more 
quantitative and useful correlation of the Aut values with 
Solvent properties. For instance, it seems likely Gthat 
measures of the solvent basicity might provide a useful 
correlation parameter. It should be noted however that a 
direct correlation need not be expected since in a hexa- 
solvated system the greater basicity of a solvent ligand 


will tend to labilize solvent exchange in a manner similar 
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to that, observed by Hunt, et me for various amines co- 
ordinated to the nickel(II) ion. At the same time the 
greater basicity would tend to increase the strength of 
the metal to solvent bond and thus make dissociation more 
daetaculLt, 

One such parameter of solvent basicity is Chenenne 
"donor number" (DN), which is a measure of the interaction 
ofgascovalentsacceptor, SbCl, for example, with a solvent, 
and is defined to be the absolute value of the enthalpy for 
the reaction between the acceptor and the solvent. For MS 


6 
2+ ~2+ 
systems, where M = Co OGE NL and S = water, DMF, methanol 


aidecdeetont tll leve@anded. so, ton NicRr?t in these solvents, 
the values of ant for solvent exchange were found Lo roughly, 


parallel DN The exceptions were the Aut values for 


SbCil.4 
2+ - 2+ -) 2s : 
Ni and Co in ammonia, DMSO and also for the Ni cieyay sige) 
476,77 
acetonitrile if the redetermined value of AH is used. 


These exceptions were so large so as to make the correlation 
dubious. 
Another measure of solvent basicity may be derived for 


values: used by Drago and co-workers to corre- 
ei eesti gS) 6) 


the C, and E, 
late the heats of reactions of acids and bases. 
The original workers proposed that C, and E, were related 
to the covalency and ionicity, respectively, of the inter- 
actions of the base with the acid. It might be expected 


that some combination of Cp and Ep would provide a measure 


of general basicity. It has been found empirically that a 
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good correlation exists between the product ChE, and the 


activation enthalpies for solvent exchange. The ChE, 
values used for NH OH are 4.58,88 


89 


37 DMSO, DMF and CH, 


3.89 2.6598 and 0.87,°° respectively. The value for 


acetonitrile appears to be ~0.8 from the recent work by 


89,90 


Prado, ef dl., compared to the original value of 


0.94. No value for water has been given but for the 


three metal ion systems, nie Coan and Nica, a value of 


Usietas been found COemost Consistently) predict: the 
activation enthalpies for water exchange. 


The empirical equation correlating Ca’ E, with Aut 


fOr the Nis,** systems is 


5188 


ART = OF te) (58) 
BB 


(Vog CaE, 
which predicts activation enthalpies (in kcal reper 8 with 
Srse@uveanvalues in parentnesle, OL mL Le cil Ute le al ewe, 
ero 5. 0), 25 Ot Loe), tas OL ol Oe, ele 0 Vlas) pO GeeC ce 
change of NH3, DiS Ope ME, CH30H, CH,CN and HO, respectively. 


Similarly for cobale (it), Che =cquationars 


(log "GRE, + 0.283) (59) 


and the predicted and observed AHT values in kcal mol are 
Bese ae! 2). Oils ae, VASO UES 6.0) pe a GLote On ave otek 


(8.4,8.1), 9.8(10.4) for NH,, DMSO, DMF, CH,OH, CH,CN and 
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H50 exchange, respectively. 


For NicR?*, 


Sys 255) 


CRF 


Aut = (log ChE, + 0.291) (60) 
and the Aut Values game 9.250(9 550), 9.3 (954) > 826(7.0)) and 
Oneonta) elon. DME CH,0H, CH,CN and HO, respectively. 

It may be noted that in general the agreement between 
the predicted and observed Ant values is within 0.6 kcal 
molt, The empirical equations have been arrived at without 
using the data for acetonitrile because of uncertainty in 
the ChE, value and the ambiguity in the Aut value brought 
about by the recent study of the Ni’ acetonitrile system. 
The agreement of the calculated and observed aut values is 
much worse for the acetonitrile systems except for nickel (II) 
in acetonitrile where the recent value of 15 kcal mol? fox 

Aut agrees with the predicted value of 14.8 kcal mo Dae Te 
CEB =e o grOW che -Otner Nand 7. kc CaER is 0.68, then the 
predicted aut values ane 1270, 9.1 and+6.4 kcal ee OG 
Nae Coa and Niche respectively, and the general agree- 
ment is much better. 

The general form of the empirical equations and the 
values of the parameters therein do not appear to have any 
obvious physical significance. The form of the equation is 


consistent with the idea proposed above that the Aut should 


show both a direct and inverse dependence on the solvent 
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basicity. It may also be noted that the value of -log CRE, 
is relatively constant at ~0.3 when Aut is Zero ytoreal. 
systems. Intuitively, this does not seem unreasonable. 

It is hoped that the ogee basicityecorrelation 


discussed above can be experimentally tested on additional 


systems in future work. 


2. General Comments Regarding Relaxation Results 

It will have become apparent from the considerations 
uneChapter Til that the relaxation, ekfects of the various 
macrocyclic complexes studied can be accounted for rather 
well using standard theoretical To and T56 expressions. 
The dipolar interaction distances and correlation times, 
obtained from these expressions by an iterative procedure, 
were in general similar to those observed for hexasolvated 
metal ion complexes. 

Some empirical relationships between the Tom values 
for different types of protons on a solvent molecule and 
also between the Tou and Too values for the same proton 
have been noted in some of the systems in which the hyper- 
fine contributions are relatively insignificant. These 
are given in the various sections. For some of the systems, 
the relationships between Tom and Too found for hexasolvated 
metal ions were used to predict the outer sphere line broad- 


ening contributions for the purpose of increasing the ac- 


CULO Yeoh Che Ant and ast values for the solvent exchange 
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reaction. It is hoped that the empirical relationships 
noted in this study may provide at least a qualitative 
guideline for the interpretation of future work. 

The determination of line width data at two fre- 
quencies, for several of the systems dealt with here, has 


led to the observation of a magnetic field dependent Tou 


relaxation for two nickel(II) complexes (NicR?* and 


NicRMe?*) having large zero-field splitting energies. This 
phenomenon has also been recently observed, but to a more 


v7 This 


limited extent, in the Ni?*_acetonitrile system. 
magnetic field dependence of the controlling correlation 
time, the electron spin relaxation time, has been inter- 
preted in this work in terms of the ote and Toe expressions 
GteMcLachlin which are not strictly valid for thevyconditions 


observed in nickel(II) complexes but which provide for a 


reasonable account of the observed results. 
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APPENDIX 


Table XXII gives a representative sample of the proton 
magnetic resonance line widths at half-height for the pure 
Solvents used in this study. In succeeding Tables, all of 
the observed bulk solvent proton magnetic resonance line 
widths and chemical shifts for solutions of the various 
complexes are given. The calculated Gepar and 
(AW bsa/em) data are also included. The solution magnetic 
Susceptibility results for the various complexes can be 


found in Tables located near those giving the nmr data for 


that particular complex. 
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Table XXII 
Temperature dependence of the proton line widths 2? OL 
water, acetonitrile, dimethylsulfoxide (DMSO), methanol and 


N,N-dimethyl formamide (DMF) . 


fC Water Acetonitrile DMSO Methanoi ‘9? 


OH CH. 


(a) All line widths at half-height are expressed in Hz. 


(b) Blank methanol sample contained a small amount of 2,4- 


dinitrobenzenesulfonic acid. 


(c) High field methyl protons. 
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Tab leek xny Dur 


Proton line broadening for MnB(C10,) 5 in 


N,N-dimethylformamide (Figure 6). 
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Formyl proton chemical shifts at 60 MHz for 
a il escuee 107m solution of 


MnB(C10,) 5 in N,N-dimethylformamide (Figure 7). 
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Tables xxx (Cont'd) . 
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Table XXXI 


Proton chemical shifts for MnB(C10,)., in water (Figure 9). 
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Magnetic susceptibilities of MnB(C10,) 5 in water. 
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Proton line broadening at 100 MHz for MnB(C10,) 5 


in methanol (Brgure 10 )). 


— = 


107x complex ee b obsd? 4 an ea SCC 
concn, m a ke Si OH CH, OH CH, 
Oe 3a 10 Sj) Abs) e S0n0 3.69 
ita 5) 5.02 OAT RSS Bn cie! 
2 4.98 So melee ie SGys) hag Te 
b.547 6.a5 Oe PO Shs) Bo th Ore 2 
49 SFeplbth C2 a0 sme ORG 2.00 0.269 
39 37.20 Nite) EL A Zr oal On 3 Od 
24 Sh eyi/ 03 Sees 3525 Gress 0 
10 BOD Li2 LG.0 3 ee ML 0.443 
Al Ae) Soe OP) age) 02626 
-30 Ameen, Si eo me Or et) 0.759 
—-43.5 4.36 3,30 mec Or. AB opal, 22 the TPS}s) 
-44.5 4.38 Has Aealt) 7038 One A 
=62 4.74 39% Ome oO Bid et One o7 
0.836 — 4 Sree 63.0 3.64 
-15 Shiki vf 5é.0 1420 Sie 0.703 
Ono e -21 Bg Sil 527.0 or 00 
33 4.17 Bans Lois 
-41 AR ol 260 1.24 
1S SP - 4 BReie OS Lam ret, Ofek 
ace e's) 4.14 50 237.0 18k Oe TPT AS) 


| wD et RO re ae hs 


tri a2 

gs'20 ars 

cas .0 ae.¢ 

por. fe.s 

Oae.0 - ECE 

| cee.0 Le.8 
aga.0 

P2N Cul 

eT 0° er. 

| Sav. ee 

| FeV 20 bof 

: DH.E 

E0vs0 he. 


254 
Table XXXV 
Hydroxy proton chemical shifts at 60 MHz for 
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Table XXXVII 
Magnetic susceptibilities of NiCRMe (C10,) 5 


in N,N-dimethylformamide (Figure 12). 
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NiCRMe in water (Figure 13). 
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(a) The values tabulated have been corrected for the 
small temperature dependence of the density of water 


as explained in the text. 
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WU EVe Bes Gln 


Chemical shifts at 60 MHz of the azo-methine methyl resonance 


relapayeeco the diamagnetic shift for NicR?* and NicRMe*t in 


a SCrles Ofesolvents (Figure 15)): 
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NiCRMe (C10,) , N,N-dimethyl- 84 2.80 3e2 
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(a) #Complexsconcn = 02450 m, DSS internal standard. 
(2) Complex concer = 0.525 m, IMS internal standard. 
(£) “Complex concn = 0.211 m, cyclopentane internal standard. 
(oj Complex iconcn = 0.343 m, cyclopentane internal standard. 
(h)eeComo lex, .concn,= 0.565 m, TMS internal) standard. 
(i) Complex concen = 0.861 m, cyclopentane internal standard. 
(j) Complex concn = 0.476 m, cyclopentane internal standard. 
(k) Complex concn = 0.293 m, cyclopentane internal standard. 
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in N,N-dimethylformamide at 60 MHz (Figure 17). 
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This sample was prepared from anhydrous NiCRC1, as 
described in footnote (b) of Table XLIII. 


This sample was prepared from isolated NiCR(C10,) 5. 
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Table XLIX 


Proton) line broadening for NiCRMe (BF, ) 5 


Frequency) 60° MHz. “Frequency: 100 MHz. 


in water (Figure 22). 
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Table LVI 
ormyl proton chemical shifts for NiTRI(C1O,), in 


N,N-dimethylformamide (Figure 32). 
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Table LVII 
Formyl proton line broadening for NiTAAB(C10)) 5 in 


N,N-dimethyl formamide (Figure 33). 
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Formyl proton line broadening for NiTAAB (NO), in 


N,N-dimethylformamide (Figure 33). 
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Formyl proton chemical shifts for NiTAAB(C10,)5 in 


N,N-dimethylformamide. 
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Magnetic susceptibilities of the perchlorate and nitrate salts 
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Table Nine, Cont'd). 
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Proton. line broadening for Coltrans{l4ldiene)c. in water 


(Figure 35). 
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Table LXIT 


Magnetic susceptibilities of Co(trans[14]diene) (C10,),_ in water. 
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Proton line broadening for Co(trans[14]diene) (C10,),_ in 
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Formyl proton line broadening for CoCR(C10,) 5 in 


N,N-dimethylformamide (Figure 36). 


Frequency: 60 MHz. *Frequency: 100 MHz. 
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Table LXVII 
Proton line broadening “for CuCR(BF,) 5 InpwWwacer) (Pugure 39) % 
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Formyl proton line broadening for CuCR(BF,) 5 in 


N,N-dimethylformamide (Figure 38). 
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Formyl proton chemical shifts at 60 MHz for CuCR (BF) 5 


in N,N-dimethylformamide (Figure 39). 
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